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ABSTRACT
In Chapter I, a series of poly-l-olefins from poly-l-butene up to poly-1-
octadecene have been characterized. The melting point was measured by
Differential Scanning Calorimetry (DSC-1B) and dilatometry; the specific
volume, volume expansion coefficient by dilatometry, and unperturbed chain
dimension by intrinsic viscosity at near theta condition.
A trend is confirmed for melting point and revealed for expansion co-
efficient of first a decrease with increasing side-chain length in the polyolefins,
followed by an increase with further increase in length. The minimum is near
poly-l-hexene and poly-l-heptene. The specific volume of the poly-l-olefin
series exhibits a maximum around this same composition. The minima in melting
point and thermal expansion coefficient and the maximum in specific volume
are discussed in terms of chain-to-chain packing density. It is suggested that
packing density is a minimum in this region.
Two melting points were found for each of several higher poly-l-olefins
from poly-l-tridecene up to poly-l-octadecenes.
It is found that the theta temperature of poly-l-olefin series, as measured
in two solvents, anisole and cyclohexaone , exhibits a minimum at poly-l-pen-
tene. However, the characteristics ratios and the steric factors increase with
increasing side-chain length for the entire series of measured poly-l-olefins.
In Chapter II, the temperature coefficients for the viscosity of poly-l-
olefin series, i.e. , flow activation energy were calculated from the viscosity
measurement by using a Weissenberg Rheogoniometer Model R 17. Eight
poly-l-olefins from polypropylene to poly-l-octadecene were measured. All
tests were made at over 100°C above the glass transition temperature and above
the measured melting point for each of the poly-l-olefins.
vii
The plots of log Viscosity versus 1/T°K gave entirely linear correlations
for all of the polymers in these measurement temperature ranges. The correla-
tions were also independent of shear stress for each of the polymers.
It was found that the flow activation energies of tin; poly-1
-olefin series
change markedly and go through a maximum as a function of polyolefin pendant
group chain length exhibiting a maximum in the range of the poly-1
-hexene to
poly-l-octene
.
In Chapter III
,
based on the free volume concept and the equation by
Doolittlo, a new empirical equation is proposed for the flow activation energy
* oE for polymer melts for the range of over 150 above glass transition temperature
*
Tg. The E is the temperature coefficient of viscosity for the Newtonian region
or at constant shear stress for non-Newtonian flow. Data show that the E of
linear polymers reaches a constant value for a broad temperature range above
o *Tg + 150 . The proposed equation for this region predicts the E of polymer
-i
melts from volume expansion coefficient, a
g
in degrees above Tg and from
o *
the Tg K. The E calculated from this equation is found to be in agreement
with measurements within experimental precision of about + 1 Kcal/mole.
Correlation have also been developed between E and ctg and between E
and Tg by simplifying this new equation by use of the Simha-Doyer expression.
It is thus shown that a polymer having a lower a
g
or higher Tg generally has a
higher E . However, generally more satisfactory results are obtained by
calculating E from both a
g
and Tg
.
The effects of polymer composition, molecular weight, branching and
i
microstructure on E are also discussed. It is proposed that these factors
m
influence E in the way in which they ett<" t ,r md Tg.
Iviii
In Chapter IV
,
the steady state and dynamic melt rheology for the poly-
1-olefin series has been investigated. The series includes poly-l-butene,
poly-l-hexene, poly-l-heptene
, poly-l-octene
, poly-l-undecene
,
poly-1-
tridecene, poly-l-hexadecene and poly-l-octadecene. They were investigated by
use of a Weissenberg Rheogoniometer
. Corresponding tests on poly-l-butene
were also made in an Instron Capillary Rheometer.
The empirical relation of Cox and Merz was obeyed for the entire series
of poly-l-olefin and at all experimental temperatures.
Graessley's theory was used to calculate the flow curves for the poly-1-
olefins using the measured molecular weight distribution. The purpose was to
investigate the effect of polymer composition on the shear rate dependence of
viscosity. It was found that all experimental flow curves except poly-l-hexene
can be fitted with the calculated curves using the individual molecular weight
distributions. The conclusion is thus made that flow curves of poly-l-olefin
predominately depend on molecular weight distribution and are essentially in-
dependent of side-chain length even for poly-l-olefins with pendant groups as
long as 16 carbon atoms.
If low shear limit Newtonian viscosity r\ for all poly-l-olefins can be
34 — 3 4
expressed by the equation, r\ Q = KMw
'
, or by r]Q
= K'Pw '
,
where Mw is
the weight average molecular weight and Pw is the weight average degree of
polymerization, the K and K' values decrease systematically as the side-chain
length increases from poly-l-hexene to poly-l-octadecene. However, K' values
decrease more slowly than K values.
The dynamic shear storage modulus, G\ loss modulus, G" , and the reci-
procal of dynamic shear compliance, 1/J' versus frequency curves at different
ix
temperatures can be superposed according to lime-temperature superposition.
The theory of second order fluid was only fitted by the data of poly-l-heptene
and poly- 1-octene. That is, at low frequency , half normal stress (o .-a ) 12
can be correspondent to G 1
,
the steady shear modulus G is correspondent to the
reciprocal of low frequency limit dynamic compliance 1/J° and shear stress x „
e 1 Z
is correspondent to G"
.
The steady shear modulus G for members of this poly-l-olefin series was
found to be insensitive to molecular weight distribution for these broad distri-
bution samples. The value of G, however, decreases with increasing the length
of pendant groups from poly-l-hexene to poly-l-octadecene
.
It was found that the steady state and dynamic viscoelastic properties of
poly-l-olefin series have the same temperature dependence. The flow activation
energy E was calculated from tj , from r|
a
at constant shear stress and from
* * *
|
x] at constant product for co
|
r\
\
. Three ways all give the same E which is
independent of temperature over the measured range in the melt.
Preface
This thesis consists of four related manuscripts concerning the
rheological and physical properties of poly-l-olefin series. The suggestions
for future studies are presented in the last chapter.
Chapter I deals with some characterization of physical properties for
poly-l-olefin series.
Chapter II shows the temperature-viscosity coefficient for poly-l-olefin
melts.
Chapter III develops a method to predict temperature viscosity behavior
for polymer melts.
Chapter IV discusses the steady state and dynamic rheological properties
of poly-l-olefin melts.
Chapter V contains some suggestions for future studies from this work.
xi
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1CHAPTER I
PHYSICAL PROPERTIES OF THE POLY-1-OLEFINS
- THERMAL BEHAVIOR AND DILUTE SOLUTION PROPERTIES -
1
Synopsis
A series of poly-l-olefins from poly-l-butene up to poly-l-octadecene
have been characterized. The melting point was measured by Differential
Scanning Calorimetry (DSC-1B) and dilatometry; the specific volume, volume
expansion coefficient by dilatometry, and unperturbed chain dimension by
intrinsic viscosity at near theta condition.
A trend is confirmed for melting point and revealed for expansion co-
efficient of first a decrease with increasing side-chain length in the polyolefins,
followed by an increase with further increase in length. The minimum is near
poly-l-hexene and poly-l-heptene . The specific volume of the poly-l-olefin
series exhibits a maximum around this same composition. The minima in melting
point and thermal expansion coefficient and the maximum in specific volume
are discussed in terms of chain-to-chain packing density. It is suggested that
packing density is a minimum in this region.
Two melting points were found for each of several higher poly-l-olefins
from poly-l-tridecene up to poly-l-octadecenes.
It is found that the theta temperature of poly-l-olefin series, as measured
in two solvents, anisole and cyclohexaone , exhibits a minimum at poly-l-pen-
tene. However, the characteristics ratios and the steric factors increase with
increasing side-chain length for the entire series of measured poly-l-olefins.
2Introduction
The thermal behavior and dilute solution properties for the lower mem-
bers of the poly-l-olefin series, i.e.
.
polyethylene, polypropylene and poly-1-
butene have been studied intensively. However, only a few systematic studies
on the properties of the higher members of the series have so far been pub-
1-12
lished. The melting and glass transition temperatures of the poly-l-olefin
1-4
series have been measured by several sets of workers. It has been found
that the melting and glass transition temperatures first decrease with increasing
side-chain length, go through a minimum and then increase with increasing for
the highest members studied. The minimum in the series varies somewhat from
report to report.
The crystalline forms of several isotactic poly-l-olefins from poly-l-hexene
5
to poly-l-octadecene have been investigated by X-ray. Thus Turner-Jones
found two crystalline forms in poly-l-tetradecene , poly-l-hexadecene and poly-
l-octadecene. For these higher members, two melting points have also been
1 R 7 q — i 9
found by several works. * ' Takayanagi investigated the viscoelastic
properties and crystal transformations of several poly-l-olefins and discussed
in detail the effect of chemical structure on these properties.
Flory
13 has published the unperturbed dimension of poly-l-butene and
14
poly-l-pentene . For higher poly-l-olefins, Shirayama et al. has given the
unperturbed dimension of poly-l-octene and poly-l-octadecene. For other
higher members, no information on chain dimensions has been reported here-
tofore.
The purpose of the present work is to examine the absolute values and
trends for the melting transitions, specific volumes, volume expansion
and
molecular conformation characteristics for the poly-l-olefins.
The relationships
3obtained from this work may thus lead to a better understanding of the effects
of polymer structures on physical properties.
The samples studied included poly-l-butene
, poly-l-pentene
,
poly-1-
hexene, poly-l-heptene, poly-l-octene
, poly-l-nonene
, poly-l-decene
,
poly-l-undecene, poly-l-dodecene
, poly-l-tridecene
, poly-l-hexadecene
and poly-l-octadecene. One sample of each polymer was generally available.
Three samples of poly-l-octadecene were used which differed in molecular
weight and distribution.
Experimental
Sample Preparation
. Most of the polymerizations were carried out in
the following manner: A 300 ml. four-necked flask equipped with stirrer,
reflux condenser, thermometer, and addition funnel was used. The flask
was equipped with heating mantle, cooling bath, or neither depending upon
the temperature of polymerization. The flask assembly was dried for at least
one hour in an oven at 135°C before use.
The flask was then charged with 100 ml. of heptane followed by the
required amount of titanium tetrachloride and aluminum triisobutyl. After an
aging period of 10-30 min.
,
the olefin (25-50 grams) was added, usually at
the predetermined temperature of polymerization. The time of polymerization
varied from 1-24 hours, depending on olefin reactivity.
At the end of the polymerization period, the slurry was cooled or warmed
to room temperature and treated with 100 ml. of either isopropanol or 50: 50
methanol-isopropanol . The polymer was slurried several times with fresh
alcohol and usually treated for 2-3 hours on the steam bath with additional
alcohol. The polymer was frequently further purified by solution in hot hexene
4followed by reprecipitation with excess alcohol. The resulting polymer,
after partial air drying, was dried in a vacuum oven at a temperature dependent
upon the melting point of the polymer
.
Due to the solubility of these polymers in hydrocarbon solvents, the atac-
tic fractions could not usually be separated by extraction. In order to obtain
the maximum degree of stereoregularity in each polymer, two techniques were
employed. In some cases, lower polymerization temperatures were employed
(-78°C to +25°C)
,
and in other cases catalyst systems were used which gave
more stereoregular polymer. The stereoregular polymers are believed to be
isotactic by this polymerization. These polymers were polymerized by Avison
Corporation, Marcus Hook, Pennsylvania.
Determination of Molecular Weight and Distribution
. The molecular
weights and distributions for the poly- 1-olefins were obtained by using a
Waters Associates Gel Permeation Chromatograph (GPC Model 200) . 1,2,4-
trichlorobenzene was used as the elution solvent. To prevent degradation and
to simplify the measurement of the corresponding intrinsic viscosities, the
operating temperature was chosen to be 80°C. All samples were completely
dissolved in this solvent at this temperature. The universal calibration was
used to calculate the molecular weights and distributions. The details of this
15
procedure have been described elsewhere. The samples studied along with
their molecular weights and distributions are listed in Table 1
.
Determination of Melting Point, Specific Volume and Volume Expansion
Coefficient . The melting points of the poly-l-olefins were determined by
dilatometry and Differential Scanning Calorimetry (Perkin-Elmer DSC-1B)
.
The specific volume at 27°C was determinated by a density gradient column.
The specific volume at other temperatures was measured by dilatometry. The
5volumo expansion coefficient was calculated from specific volumes at different
temperatures
.
The polymers examined by dilatometry were poly-l-butene
,
poly-1-
hexene, poly-l-heptene, poly-l-nonene
, poly-l-undecene
, poly-l-tridecene
,
poly-l-octadecene, Sample 1. The other poly-l-olefins were measured exclu-
sively by DSC
,
due to the small amounts available.
The dilatometer construction was according to Bekkedahl, The
dilatometers were made by Pyrex glass and consisted of a bulb sealed to a
capillary tube. The capillaries were precision-bore tubing of inside diameter
1 mm. The tubes were calibrated by partial filling with mercury, observing
tho length and by weighing
. Dilatometers, containing 1 . 5-2 . 0 grams of polymer
,
were ovaculated for 5-6 hours prior to test. The vacuum reached was <10 mm Hg.
Mercury was then admitted to the evaculated system through a two-way stopcock,
until it filled the dilatometer bulb and stood at a suitable height in the capillary
with weighing before and after the addition of mercury. The dilatometers were
placed in a stirred temperature bath and heated from ambient at a rate of about
0.2°C/min.
Norman Weeks, a graduate student at University of Massachusetts, checked
this technique with an extremely heating rate. The equilibrium values of
temperature and volume were taken to compare the values at heating rate of 0.2°C/
min. for poly-l-butene. It was found that the equilibrium melting point was 1.5°C
lower than the value of heating rate of a 0.2 C/min. but the expansion coefficient
above the melting point was identical.
The DSC was calibrated by using standard samples of Indium and P-
nitrotoluene. The peak of DSC thermogram was taken as the melting point.
6The samples in DSC were precooled by liquid nitrogen down to
-100°C and
then heated at a rate of 5°C/min.
Measurements of Intrinsic Viscosity. Cannon-Ubbelohde dilution visco-
meters were used. Capillary dimensions were chosen so that kinetic energy
correlations for effux times were negligible. Effux times, reproducible to
+ 0 . 05% were obtained for solvent and for each solution
. Approximate 0 . 1%
by weight of antioxidant was added to the solutions of poly-l-olefin to inhibit
oxidative degradation. The viscosities were measured in an oil bath which
was controlled to 0.01°C.
7Results and Discussion
The samples, poly-l-hexene
, poly-l-heptene
,
poly-l-octene, poly-1-
nonene and poly-l-undecene were amorphous as received. Attempts were
made to crystallize these polymers by cooling them from room temperature to
0°C by ice over 12 hours. By this treatment, poly-l-nonene and poly-l-
undecene became markedly crystalline and poly-l-heptene modestly so by
observing the volume change for melting
. The poly-l-hexene and poly-l-octene
samples were not crystallizable by these techniques with no melting point
features observed by either dilatometry or DSC. The specific volume vs. tem-
perature from dilatometry is plotted in Figures 1-5 for the samples of poly-1-
butene, poly-l-hexene, poly-l-heptene, poly-l-nonene and poly-l-undecene.
For the higher members, two melting transitions were found. The lower melting
points for poly-l-tridecene, poly-l-hexadecene and poly-l-octadecene were
39, 41 and 42°C respectively, and the higher melting points 55, 70 and 74°C.
These dilatometric melting features are shown in Figures 6 and 7 for poly-l-
tridecene and poly-l-octadecene (Sample 1) . Figures 8-10 show the correspon-
ding two melting points of poly-l-tridecene, poly-l-hexadecene and poly-l-
octadecene (Sample 1) from DSC measurements. The other two poly-l-octa-
decene samples, see Table 2, also show two melting points. They have the
same lower melting point (42 C) as poly-l-octadecene (Sample 1) . For the
higher melting point, 74°C and 68°C were found respectively for poly-l-
octadecene, Samples 2 and 3.
8and in our poly-l-hexadecene and the three poly-l-octadecene samples. We
concur with the conclusion that poly-l-tridecene is the minimum side-chain
length that can involve side-chain crystallization. When the higher members of
poly-l-olefin series were cooled from the melt to 0°C at 20°C/min.
,
then the
lower melting point disappeared and only the higher melting point remained.
Aubrey and Barnatt showed that if poly-l-octadecene were extracted
with hexene, then the solvent-soluble polymer had only the lower melting point
and solvent-insoluble fraction had the higher melting point. The same results
were also found previously by Beck, Knox and Price 1 by using pentene as an
extracting solvent. They suggested that the two melting phenomena were due
to different species, such as atactic and isotactic polymer. The higher melting
point is due to the melting of isotactic polymer and the lower melting point is
due to the melting of atactic polymer. However, if atactic form can crystallize,
1 R
the side chain rather than main chain is involved in crystallization. '
Two melting peaks exist in our high member poly-l-olefins. The lower
melting peak is much smaller than the higher melting peak. This contrasts
6 7
with results of Aubrey and Barnatt and with Maron et al. Their samples show
a larger peak for the lower melting form than for the higher. As mentioned
under our polymer preparation, the samples had been purified by hexene
extraction. However, due to the solubility of these polymers in hydrocarbon
solvent, the atactic fractions could not be separated completely from isotactic
polymer. It may be inferred that there is a small atactic fraction in our isotac-
tic samples. This small atactic portion may contribute to the small peak of
lower melting point. The fact that the lower melting point for poly-l-tridecene
and for our higher poly-l-olefins can be eliminated by fast cooling the sample
from the melt may indicate a slower crystallization of atactic species.
9The specific volumes of poly-l-olefins are compared at the same tempera-
ture in Figure 11
.
The specific volume extrapolated from the melt state to
absolute zero is also shown at the bottom of this figure. The values should
correspond to trends in chain-to-chain packing. It may be seen that this den-
sity becomes less and less until it hits a peak at around poly-l-hexene to poly-
1-heptene. The densities then increase slightly with increasing side-chain
length leveling off for the higher members of the series.
The volume expansion coefficient above the melting point, a , in ml/g°C
was calculated from the slope of the plot of specific volume vs. temperature.
It was found that ct
m
is essentially a constant for each polymer above the melting
point. Also, the a
m
of the poly-l-olefins shows a minimum around poly-l-hexene and
and poly-l-heptene. Takayanagi has pointed out for a side chain of infinite
length, the melting point should reach the melting point of high density poly-
12
ethylene. The melting point of the higher poly-l-olefin , for which melting
points increase with the length of side chain, can be plotted vs. 1/ (N+2) , where
N is the number of carbons in the side chain. The plot can thus be extrapolated
to infinite side-chain length. Our data shown in Figure 12 confirms that the
extrapolation of melting point to infinite side-chain length reaches the melting
point of high density polyethylene. In this extrapolation, the higher melting
point of poly-l-tridecene
,
poly-l-hexadecene and poly-l-octadecene was used.
Accordingly, the am is also plotted vs. 1/ (N+2) . Again the extrapolation
reach
the value of am for
high density polyethylene as shown in Figure 13. The
melting point and a data used were obtained from dilatometry in our laboratory.
According to X-ray studies , the side chains for upper members of poly-
l-olefins have almost the same structure as the main chain of polyethylene. This
is thus consistent with the fact that the extrapolated melting point and expansion
coefficient for infinite side-chain length have the same values as for polyethylene.
The minimum value of melting point, c<
m
and the maximum in specific
volume, which occurs around poly-l-hexene to poly-l-octene
, can be explained
by the packing state of the molecules and/or the conformation of the molecules.
The conformation and packing of the molecules in the crystalline region have
been presented for the poly-l-olefin series. 5 However, Takayanagi12 has shown
that the conformation of molecules and the packing of molecule chains in the
amorphous region or in the melt are not completely random but are similar to
those in the crystalline region. This is consistent with Plate's studies 20 of
poly (alkyl acrylates) and poly (alkyl methacrylates)
. He found that the higher
members, i.e.
,
long side chains, show some order by X-ray diffraction well
above the highest melting point which he describes as a "polymer liquid crystal" .
As mentioned, the specific volumes for the poly-l-olefin series, extra-
polated from the melt state to absolute zero, have a maximum around poly-l-
hexene or poly-l-heptene . This may indicate the chain-to-chain packing density
11
in the amorphous state is smallest in this region. Takayanagi has also shown
that the packing state of poly-l-olefin molecules becomes more open as the side-
chain length increases from polypropylene to poly-l-octene and that as the
side-chain length is made yet longer, the packing of molecules becomes more
dense. In our case, the changeover appears to be in the region of poly-l-
hexene and poly-l-octene.
Unperturbed Chain Dimension . The above discussions of molecular
packing are based on the bulk properties for the poly-l-olefins. It is thus of
interest to investigate changes in individual chain dimension with composition
from intrinsic viscosities near a theta temperature. At theta conditions, mole-
cules exhibit their unperturbed dimension, i.e.
, dimension determined by bond
distances, bond angles and the potentials for hindered bond rotation. 22
The theta temperature, T Q can be considered the incipient immicibility
temperature for polymer molecules of infinite molecular weight. It has been
shown from thermodynamic considerations that for dilute polymer solutions at
Tg the second virial coefficient is zero and higher coefficients are near
22
zero. Therefore one must either measure the second virial coefficient
at several temperatures and find Tq by interpolation or extrapolation to A2=0
or determine the Tq by extrapolating the critical miscibility temperature of a
polymer-solvent system to infinite molecular weight. Both methods are not
available for the poly-l-olefins because of limited sample sizes.
In this method, the precipitation temperature is determined as a function of
volume concentration at very low concentration. The reciprocal of the absolute
precipitation temperature is plotted versus the log of the volume fraction of
polymer. The concentrations employed were generally from 1.0 to 0.001
volume percent, the resulting line was extrapolated to a polymer volume fraction
of one and this value taken as the theta temperature. An advantage of this method
is the need for only one molecular -weight for each polymer. To check the
accuracy of the method, poly-l-butene was first tested. The TQ measured in
— 24
Anisole is compared in Figure 14 with the literature value by Krigbaum.
At very low concentration, the reciprocal of precipitation temperature as a
function of polymer volume fraction is linear . The temperature obtained from
extrapolation to pure polymer is 88 + 1°C . This is close to the T 0 (89. 1°C)
for consolute temperatures as a function of isotactic molecular weights given
by Krigbaum. 24 The method
23
therefore seems to be a convenient way, with
a precision of about 1 - -2°C for locating TQ . The
T Q for the
poly-l-olefins
was measured in two solvents, anisole and cyclohexanone. The results as a
function of composition are shown in Figures 15 and 16. The TQ for two
12
different solvents show a common minimum at poly-l-pentene. The sequence
of three poly-l-octadecene samples have a T
Q at 70, 73 and 71°C in anisole and
94, 97 and 92°C in cyclohexaone respectively. The temperature coefficient of
[rj] for poly-1
-olefins, in the vicinity above T
Q , is only +1%/°C from
70-90°C
.
Therefore, any small error in T
0
introduced by the test method is of
not importance in the determination of [r\] at T
0
The unperturbed mean-square end-to-end distance <R2> is obtained
o
from the measurements of intrinsic viscosity [r)]
0
at theta condition. [r]] Q
2
is related to <R
0>
by the following equation:
<R 2> 3/2
[T
l ] e
=
*
~W~ M
1/2
= KM1/2 (1)
Where 0 is the universal constant of theoretical value 2.87 x 1021 for [t^] in
dl/g. M is polymer molecular weight. Weight average molecular weight was
used here for the calculation. The values of <Rq> 2/M^ 2 calculated in this
way are shown in Table 3- The values found in literature are also listed in the
table. The data show a small increase in chain dimensions from poly-l-butene
to poly-l-hexene , then a decrease with increasing side-chain length. The
apparent decrease in size for the higher members of the series is due in part to
a decrease in chain length with increasing side-chain length for comparisons
at constant molecular weight. This effect can be eliminated by calculation of
2 2
the characteristic ratio, <RQ>/n£ , which is normalized to main chain length
n. The bond length £, for all members must be very similar and near 1.54 R.
2 2
The calculated values of <RQ>/n£ are shown in Table 3 along with available
literature data. It is obvious that the characteristic ratio for poly-l-olefin
series monotonically increases with increasing side-chain length.
The steric factor, o, is defined by the equation:
13
a= [<R2>/<R 2>J 1/2
o o f
J
2Where <R
Q>f is the theoretical mean square end-to-end distance for free-rota-
tion. The values of a of the poly-l-olefins is listed in Table 3. They also
systematically increase with increasing side-chain length. Difference between
workers cited in Table 3 may be due to 1) the different values of O used in
calculation; 2) different tacticities in samples; and 3) effects of molecular
weight distribution.
The purpose of our work is to compare the chain dimensions for the
poly-l-olefins at similar condition in order to know the change in dimension
with the composition. Although the samples of poly-l-octadecene have different
unperturbed dimensions, the difference, however, does not affect the observed
trend with composition.
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TABLE 1
Poly-l-olefin
Molecular Weight and Molecular Weight Distribution
by Calibrated Gel Permeation Chromatography
Polymer M M M /Mn w w' n
Poly-l-butene 6.30 x 10 4 8.50 x 105 13.50
Poly-l-hexene 4.00 x 10 3 1.70 x 104 4.30
Poly-l-heptene 8.70 x 10 3 5.90 x 104 6.80
Poly-l-octene 1.10 x 10 4 8.00 x 10 4 7.30
Poly-l-nonene 6.80 x 10 4 3.70 x 10 5 5.40
Poly-l-undecene 3.80 x 10 5 1.20 x 10 6 11.00
Poly-l-hexadecene 3.40 x 105 2.50 x 10 6 7.40
Poly-l-octadec ene
Sample 1 7.30 x 105 3.50 x 106 4.80
Sample 2 2.10 x 105 3.50 x 106 13.00
Sample 3 6.90 x 10 3 4.30 x 105 6.20
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TABLE 2
(Cont
.
)
D. L. Beck, J. R. Knox and J. A. Price. Presented before
Division of Petroleum Chemistry, National ACS Meeting, March
31 - April 4, 1963.
K. J. Clark, A. Turner-Jones and D. J. H. Sandiford, Chem.
and Ind. (London) 2010 (1962).
F. P. Reding, J. Polymer Sci.
, 2J_, 547 (1956).
W. Philippoff and E. G. M. Torngvist, J. Polymer Sci., C23 , 881
(1968) .
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CAPTIONS FOR FIGURES
1. The specific volume versus temperature for poly-l-butene.
2. The specific volume versus temperature for poly-l-hexene
.
3. The specific volume versus temperature for poly-l-heptene
.
4. The specific volume versus temperature for poly-l-nonene.
5. The specific volume versus temperature for poly-l-undecene
.
6. The specific volume versus temperature for poly-l-tridecene
.
7. The specific volume versus temperature for poly-l-octadecene
.
8. The DSC thermogram of poly-l-tridecene.
9. The DSC thermogram of poly-l-hexadecene
.
10. The DSC thermogram of poly-l-octadecene, Sample 1.
11. The specific volumes of poly-l-olefins.
12. The melting point of poly-l-olefins versus 1/ (N+2) . N is the number of
side chain carbon.
13. The expansion coefficient of poly-l-olefins versus 1/ (N+2)
.
14. Theta temperature of poly-l-butene from Cornet's method.
15. Theta temperature of poly-l-olefin series in Anisole.
16. Theta temperature of poly-l-olefin series in cyclohexaone
.
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CHAPTER H
TEMPERATURE COEFFICIENTS FOR THE VISCOSITY
OF POLY-1-OLEFINS
Introduction
1
Because of their commercial importance, hundreds of studies have been
reported on the flow properties of the lower polyolefins, principally in low and
high density polyethylene and on polypropylene. To the rheologist, the poly-
1-Olefln series represents a fundamental compositional series for evaluating
the effect of chemical composition on flow properties of polymers. Fundamental
data of flow properties, however, is rare on the higher members of the poly-1-
olefin series. It has been shown for other polymers that an important rheological
characteristic
,
the viscosity change with temperature
, can be determined from
a single sample of any one polymer, provided certain compositional and test
measurement requirements are met. 1,2 ' 3 From this background, it has been
possible in this investigation to evaluate the characteristic viscosity tempera-
ture coefficient for the series of poly-l-olefins in terms of activation energy
for viscous flow and to relate these characteristic values to compositional para-
meters.
It is most widely known in the form presented by Eyring, see Equation
(1) , which expresses a useful and precise viscosity-temperature coefficient in
terms of an activation energy for viscous flow E*, the gas constant R and a
constant, C.
r>
E*/RT
T1T = Ce (1)
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where r|T is the viscosity at absolute temperature T.
General evaluations of activation energies or viscous flow have previously
been reported for a series of linear
, amorphous polymers. 1-4 From these
previous studies, the following general conclusions can be drawn for E*:
1) Data covering a relatively narrow temperature range of 50-100°C
for measurements far above the glass transition temperature Tg
(T > Tg + 100°C) generally yield linear plots log r] versus 1/T.
2) The activation energy measured at a series of constant stresses,
*
including the non-Newtonian shear regions, gives activation
energies identical with the value for the limiting low shear viscosities.
3) Activation energies are independent of polymer molecular weight M
and the distribution of molecular weight, so long as the M exceeds a
minimum number which is characteristic of the particular polymer
.
This low limit molecular weight corresponds closely to the appear-
ance of non-Newtonian flow, i.e.
, to the attainment of critical molecular
weight Mc from which the exponent of viscosity-molecular weight re-
lations become 3.4. Mc is generally below 50,000 for linear amorphous
polymers, being about 4,000 for polyethylene and 38,000 for poly-
styrene.
*
Unlike E^, which is not changed with shear stress, the activation energy
*
measured at a constant shear rate E^ for linear, amorphous polymers decreases
with increasing shear above the onset of non-Newtonian flow. Bestul and
5
Belcher have derived the following equation:
(dn./dT)« / (dn/dT) = (dlnn/dlny) +1
(2)
= (dlm/dlny) T
40
If the power law equation y= Atn holds for the non-Newtonian region,
then the temperature derivations in the Bestul-Belcher equation simplify to the
corresponding activation energy E* and E*
,
and the relation E* /E* = n results
If n is independent of temperature, this indicates that E? is equal to E*in the
low shear Newtonian region when n is unity.
It is known that E can be calculated also from shift factor aT . Mendelson
6 7has pointed out ' aT can be obtained from shifting the flow curve (log shear
stress t
w
vs. log shear rate yw ) at various temperatures along the horizontal or
log shear rate axis to superimpose the flow curve at reference temperature,
i.e.
:
aT
=
^w
(ref)/Yw (T) (constant stress)
= T) (T) /n (ref) (constant stress)
a d
The resulting shift factor aT can be expressed as a function of temperature by
an Arrhenius-type equation of the form:
aT = Kexp [E*/RT] (3)
* * *
where E is the "shift factor" activation energy. E is consistent with E
.
a a t
This is because a horizontal shift of log versus log is equivalent to a
vertical shift of log t] versus log t .
For many polyolefins, it has been shown that a correlation can be
developed between E^ and the molar volume of pendant groups appended to
-i n $
the chain. This correlation shows that E^ increases markedly and regularly
with the increase of molar volume for short pendant groups.
It has also been shown that E* has a more general relationship with
structure than exhibited by correlations with pendant volume which are
limited to hydrocarbon polymers. The more general correlation has been
developed using the conformation parameter which is the ratio of the mean-
square displacement length for fixed valence angles and free rotation to the
unperturbed mean-square displacement length in a theta solvent. 1 A number
of different linear amorphous polymers have provided a good correlation be-
tween E^ and conformation parameters. Polyethers, polyamides, polybutadiene
,
hevea rubber fit the correlation as well as olefin copolymers. Changes in these
parameters, however, appear to markedly affect E* by changing the average
potential energy function for chain motions which lead to the viscosity changes
with temperature.
The samples studied in this investigation provided the most extensive
homologous series yet evaluated to test the concepts developed above.
Experiments
This poly-l-olefin series was polymerized by using Ziegler-Natta cata-
lyst, titanium tetrachloride and aluminum triisobutyl. The polymerization
procedures have been described in Chapter I.
All viscosity measurements were made using a Weissenberg Rheogonio-
meter Model R17. Eight poly-l-olefins from polypropylene to poly-l-octadecene
have been measured. To eliminate voids and reduce oxidation, the powdery
samples were pre-pressed before insertion in the viscometer . Viscosity
-3 -1
measurements were made in the shear rate range from 10 to 1.0 seconds
using a 5-centimeter plate and a 2°angle cone. Each polyolefin was measured
at four temperatures within the range of 80°C to 225°C. All tests were made
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at over 100°C above the glass transition temperature and above the measured
melting point for each of the poly-l-olefins.
Results and Discussion
The values for the low shear Newtonian viscosity r\ were obtained on
each of the polymers at the lowest rates of shear
. Reversible non-Newtonian
effects were also observed for all members of this series which were studied.
Importantly, the plots of log viscosity versus 1/T°K, in accord with
Equation 1 gave entirely linear correlations within experimental error for all
of the polymers over the entire ranges of viscosity measurement which generally
exceeded 100° greater than the corresponding glass transition temperature. It
is also significant that the correlations were also independent of stress for each
of the polymers studied with the activation energy at high stress being identical
to that in the low shear Newtonian region. Such correlations are illustrated in
Figure 1 with data on polypropylene. The value calculated for E for polypro-
pylene is 8.2 Kcal/mole, which is within the range of previously reported
experimental values for this polymer . The observations on polypropylene do
lend credence to the evaluations made on the higher members of the poly-1-
olefin series.
Figure 2 illustrates typical viscosity data as a function of shear rate for
poly-l-olefin, viz, poly-l-butene . The prominent shear thinning, and the
failure to approach a limiting viscosity at high shear rate may all be noted as
typical for all members of the series which have been investigated. Viscosity
shear data in the form of viscosity as a function of shear stress are given in
Figure 3 for an additional poly-l-olefin , poly-l-decene. From a cross plot of
such data as a function of absolute temperature, the activation energy plots oi the
type given in Figure 4 are obtained. Figure 4 exemplifies with poly-1-
tridecene, the constant activation energy as a function of shear stress, even
though measurements are made in the prominently non-Newtonian region. The
observation of a constant E with stress is a broad extension of the previously
proposed concept which was based on data on other linear amorphous polymers.
These results for E of the poly-l-olefin series are shown in Figure 5
that the flow activation energies change markedly and go through a maximum
as a function of polyolefin pendant group chain length exhibiting a maximum in
the range of poly-l-hexene to poly-l-octene. Subsequently, there is an unexpected
decrease in E to a virtually constant value of 7.5 Kcal/mole for the longer
pendant group polymer, poly-l-hexadecene and poly-l-octadecene
. This
limiting value of E is remarkably to the values for the lowest member of the
series, linear polyethylene. The decrease of E for the poly-l-olefin series
would not have been expected from the previous results on other polymers that
E increases markedly and regularly with the increase of molar volume for
short pendant groups. This is illustrated in Figure 6 where it is noted that at
C4 there is already a difference between the E for isobutylene and 1-butene
with the difference becoming yet larger at higher monomer molecular weights.
The conformation parameter reported in Chapter I for individual poly-1-
*
olefins does not provide either a general correlation with E , since the confor-
mation parameter systematically increases with increasing pendant group length
for poly-l-olefin. Therefore, the maximum shown in Figures 5 and 6 for E of
poly-l-olefins requires more evaluation.
It should be noted that viscosity changes with temperature can also be
explained from the concept of free volume. This has been shown by the
Doolittle equation:
44
r)T = Ae
B/f
(4)
where nT is the viscosity at temperature T, A and B are constant and f is the
relative free volume. The varaation of viscosity with temperature is due to
change of relative free volume with temperature. Therefore, the coefficient
ill
of expansion may provide a more general correlation with E . This will be
developed in the next chapter.
The studies made here and previously developed correlations for the
characteristic activation energy all pertain to linear amorphous polymers.
For one case, branched polyethylenes
, anomalous behavior of E with shear
stress is observed, that is, the E measured at constant stress decreases
8 9
measurably with stress. ' For other cases involving linear amorphous poly-
*
mers, it is possible to observe a reproducible increase of E measured at constant
stress with increasing stress. It has been previously shown by these workers
this increase can be due to a compressional effect at high shear for viscosities
measured near the glass transition temperature of polymers for measurements
made in pressure capillary viscometers. 10 ill
45
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CHAPTER III
PREDICTION OF VISCOSITY - TEMPERATURE BEHAVIOR
FOR POLYMER MELTS
Synopsis
I
Based on the free volume concept and the equation by Doolittle , a new
empirical equation is proposed for the flow activation energy, E for polymer
melts for the range of over 150° above glass transition temperature Tg. The
E is the temperature coefficient of viscosity for the Newtonian region or at
constant shear stress for non-Newtonian flow. Data show that the E of linear
polymers reaches a constant value for a broad temperature range above
oTg + 150
.
The proposed equation for this region predicts the E of polymer
melts from volume expansion coefficient, a
g
in degrees above Tg and from
o *
the Tg K. The E calculated from this equation is found to be in agreement
with measurements within experimental precision of about + 1 Kcal/mole.
Correlation have also been developed between E and and between E
and Tg by simplifying this new equation by use of the Simha-Boyer expression.
It is thus shown that a polymer having a lower or higher Tg generally has a
higher E . However, generally more satisfactory results are obtained by
calculating E from both ctg and Tg
.
The effects of polymer composition, molecular weight, branching and
microstructure on E are also discussed. It is proposed that these factors
influence E in the way in which they effect ctg and Tg
.
Introduction
Temperature dependence is one of the most important variables in polymer
53
flow. Two equations are most commonly used to express the viscosity-tempera
ture behavior of polymers. One is an Arrhenius-type equation which has been
derived theoretically by Eyring: 1
r, = AeE
*
/RT
(1)
where n is the absolute viscosity, R is the gas constant, A is the constant, T is
the absolute temperature, E is called the flow activation energy. This equation
is convenient because it contains only two parameters, A and E*. It has been
widely used at elevated temperatures to express the viscosity-temperature
behavior for polymer melts. The other equation is the WLF equation2 which
can be expressed as:
log aT = -Cj (T-T r ) / (C 2 + T-TJ (2)
Here and C
2
are constant, T is absolute temperature. aT is the shift
factor which can be defined as:
aT
= T)T
r pr
/T]
r
Tp (3)
where the subscript r refers to reference state; t] is absolute viscosity and p
the density. Because of the relatively small temperature dependence T^p^/Tp,
a,p is very nearly the same as r\/r)
T
.
The WLF equation is now known to have foundation in free volume con-
2
cepts. This equation is generally applicable in the temperature range above
Tg to about Tg + 100°C. At high temperatures the WLF equation incorrectly
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predicts an E* of 4.1 Kcai/mole for ail systems - irrespective of molecular con-
2 *
stitution. Indeed E varies widely from polymer to polymer at elevated
temperature. Generally, however, E* is independent of polymer molecular
weight and distribution so long as the molecular weight exceeds a minimum
value which corresponds closely to the entanglement molecular weight. It has
been further shown that E measured at a series of constant stresses, including
the non-Newtonian region, gives an E identical with the value for limiting low
shear viscosities. 3,4
The E changes in a predictable way with chemical composition. 3,4 For
many polyolefins
,
Schott and independently these authors have shown that a
*
correlation can be developed between E and the molar volume of pendant groups
3-5 *
appended to the chain
.
This correlation shows that E increases markedly
and regularly with the increase of molar volume for short pendant groups.
Recently, it was found that the E of the poly-l-olefin did not always increase
with increasing the molar volume of pendant groups. 6 ' 9 Indeed, the E* of the
poly-l-olefin series shows a maximum in the region of polyhexene-1 and poly-
octene-1 and decreases as the molar volume of pendant groups is increased
further.
6
A more general correlation for viscosity-temperature behavior has been
developed using the conformational parameter which is the ratio of the measured
unperturbed mean-square end-to-end distance in a theta solvent to the calculated
mean-square end-to-end distance for fixed valence angles and free internal rota-
q *
tion. Using this correlation, the E for many different linear amorphous
polymers have been successfully correlated. This parameter, however, is
available only for the most common polymers and its measurement involves
finding an appropriate theta solvent and temperature to obtain the imperturbed
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dimensions. Kurata, Stockmayer and Fixman have developed a method for
estimating the unperturbed dimensions without the aid of theta-solvent experi-
7 8
ments. ' It is nevertheless necessary to know intrinsic viscosities for several
different molecular weights and the procedures are tedious. Shirayama et al. 4
used the methods of Kurata-Stockmayer and Stockmayer-Fixman. Wang and
34
Porter measured the intrinsic viscosity of poly- 1-olefins at theta condition.
They all found that the conformational parameter of poly-l-olefin increases
regularly as the length of the side-chain increases. Thus the decreases of the
E with the increasing side chain for higher poly-l-olefins cannot be ascribed
exclusively to the conformational parameter
.
For low molecular weight compounds, extremely tight correlations have
* 10been shown between E and melting point. These include inert gases, halo-
carbons, metals and inorganic materials. For the prime hydrocarbon systems,
*
the poly-l-olefins, in contrast, the flow activation energy E does not increase
with increasing melting point; there is indeed an inverse correlation.
The present work explores the possibility of developing simple and quan-
titative predictions of viscosity-temperature behavior of polymer melts from related
polymer properties, explicitely the thermal expansion coefficient of the melt, c^,
and the glass transition temperature, Tg.
Analysis
The change of viscosity has been widely explained on the basis of free
1
1
volume. Doolittle introduced an empirical equation for viscosity-temperature
behavior of simple liquids:
ti = C exp [BVo/(V-Vo)] (4)
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where C, B are empirical constants, the latter is the order of unity, V is the
observed specific volume and Vo is the specific volume for a zero free-volume
state. The equation is also consistent with the theory of Cohen and Turnbull12
which considers molecular transport occurs in liquids only when local microvoids
exceed certain critical volumes.
It is convenient to define a fractional free volume f as (V-Vo)/V - (V-Vo)/Vo,
which is also a function of temperature. So the Equation (4) becomes:
rj = C exp (B/f)
(5)
The difference between certain theories arises from varying definitions of
free volume. One by Simha and Boyer defines free volume 13 fas a
f
T, with a
the volume expansion coefficient above Tg and T the absolute temperature
. In
this definition
,
Simha and Boyer assume the occupied volume Vo is the volume
derived from the linear extrapolation of the liquid state to absolute zero temperature
The free volume is assumed to vanish at absolute zero. In this definition, they
speculate that the free volume at Tg is fg = cc^Tg = 0. 164. This is much higher
than the fg = 0.025 given by the WLF equation. If the fractional free volume
vanishes at a certain temperature, T 2> rather than at absolute zero, then the frac-
tional free volume can be given as:
f = a
c
(T-T
2 ) (6)
Therefore, the Doolittle Equation (5) can be expressed as
11= Cexp [B/a
fi
(T-T
2
)] (7)
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This new form is equivalent to the empirical Vogel equation for the temperatur
dependence of viscosity: 14
n = K exp [D/(T-T
Q )] (8)
The Vogel equation considers D, K, T
Q
as three parameters used to fit experi-
mental data.
*
An E can be expressed in terms of a and T by differential equation (7)
E* = Rdlnn./d(l/T)
= RB/[a
£
(l-T
2
/T) Z ]
It must be realized that certain assumptions and simplifications will be made
*
in order to obtain E from other experimentally obtainable parameters and to
*
predict E in a simple way.
15Gibbs and DiMarzo have predicted, on the basis of a lattice model of
a polymer system, that equilibrium configuration entropy becomes zero at a
characteristic temperature. If T
2
corresponds to that temperature, then T
2
can
be relative to the experimentally obtainable parameter Tg, the glass transition
temperature:
T
2
= K'Tg (10)
where K' is a constant. Tg can be conveniently defined as the temperature at which
the plot of specific volume vs. temperature changes slope. Recent investigations
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show that K» lies close to 0.77 and that it is relatively independent of polymer
molecular weight, structure and polarity. 16 ' 17 Therefore the relationship
T
2 =
0.77 Tg will be used to derivate the following equation.
A plot of log viscosity versus 1/T is generally curved but approaches
linearity at high temperature, i.e.
,
the E* decreases as temperature increases
and approaches a constant value above a certain high temperature. At this high
temperature, the temperature dependence of polymer viscosity can be simply
characterized by a constant flow activation energy E*. If this E* can be found
c c
above the certain high temperature Tg + m, the ratio T
2
/T in Equation (9) can be
represented by 0.77 Tg/ (Tg + m)
, where B : 1, Equation (9) is thus rewritten
as:
E* = (R/a
fi
) (Tg + m) 2/(0.23 Tg + m) 2 (H)
m is the temperature constant above Tg , where E approaches temperature
*
independently. Many data show that E will become a constant for temperatures
about 150° above Tg
. Therefore, Equation (12):
E*= (R/a
g )
(Tg + 150) 2 1 (0.23 Tg + 150) 2 (12)
*
will be used to calculate E and be checked against the extensive literature
c
Discussion
The above analysis and the value m = 150 are more empirical than theo-
retical. However, the advantage of the Equation (12) is that the E can be predicted
c
easily from a simple dilatometry experiment in which in degree * and Tg°K
can be found
.
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c
c
experiments are also shown in this table. Table 2 shows the corresponding a
Table 1 gives the characteristic E values for several polymers studied
in this and other laboratories. The temperature range and shear condition for E
8
and Tg of these polymers. The a
g
for the melts of the poly-l-olefins were deter-
mined dilatometrically in this laboratory. Uniform-bore glass dilatometers of the
sealed-off type were used as described elsewhere. 18 a
g
was found to be strikingly
constant over a 50°C range above the melting points for the individual poly-l-
olefins. The ct
g
of the other polymers shown in Table 2 were found in literature
with the references given, using the a
g
and Tg values in Table 2, the calculated
E
c
from Equation (12) is shown in the last column of Table 1. The measured
values, also in Table 1, are in good agreement with the calculated E
,
on con-
c
sideration of some different experimental conditions and a precision of E of
about + 1 Kcal/mole.
*
The exact temperature at which E becomes constant cannot be precisely
defined, but in the range of 100° to 200° above Tg
. Thus the m value may also
*
vary from 100 to 200. The calculations for E are also tried by using m = 100 or
c
*
m = 200 in Equation (11) . It was found that E calculated from m = 100 is higher
c
*
than experimental value, about 20%, and E
c
calculated from m = 200 is lower than
experimental value about 15% in average. Therefore, the value m = 150 used in
calculation is better than m = 100 or 200 in general.
Several factors can affect the E of polymers:
(1) Temperature. The plot of log r\Q is 1/T is generally
curved if tempera-
ture below Tg + 100°C . The plot generally approaches linearity at high tempera-
ture with the E becoming constant. This is shown in Figure 1 where the E of
poly-l-hexene is plotted vs. fT-Tg) . The higher experimental E over the
calculated value is in essence a temperature effect. In Figure 2 , the E of poly-
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isobutylene is shown to reach a constant value at about Tg + 150°. The
calculated E
c
(shown by lower dash line) is very good agreement with the
experimental value for polyisobutylene. For polystyrene, because of instability
at high temperature above 250°C, just Tg + 150, the experimental E* of poly-
styrene shown in Figure 2 never reaches the calculated E* (shown by upper
c
dash line)
.
(2) Shear. The prior discussion has been exclusively on E* measured
in the low-shear Newtonian region or at a constant and high shear stress E*
'
r
Viscosity measurements on a variety of linear amorphous polymers indicate a
*
constant E^from the low shear Newtonian region up to stresses >16 dynes/in 2
,
2 "4
jig
which is well within the non-Newtonian region. The constant E is also found in
n
the new data on a series of poly-l-olefins. Figure 3 shows viscosities as a
function of temperature for poly-l-hexadecene for the Newtonian region and at
several constant and high shear stresses. The lines at different constant shear
stresses are parallel with the line for Newtonian flow. This means that the E*
does not change with shear stress. Unlike E^
, the activation energy measured
at a constant shear rate E^ for linear, amorphous polymers decreases with
3 4increasing shear above the onset of the non-Newtonian flow. '
*
(3) Molecular Weight. For a given polymer, E increases up to a certain
4 23-
molecular weight and subsequently becomes independent of molecular weight. '
9 *
Shirayama studied the E of poly-l-olefin series. No molecular weight dependence
* 4
of E was found in the molecular weight range of 3 x 10 .
According to Equation (12) f the factors that can affect Tg and a
g
are
*
expected to have an effect on E . Molecular weight can affect both Tg and .
Experiments on a number of polymers show that as polymer molecular weight is
increased, Tg rises, and ctg decreases. If the molecular weight increases to a
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certain value, both Tg and
^ becomes independent of molecular weight. 22
The molecular weight dependence of Tg and a
6
can be described by the
following experimental equation: 22
Tg = T - A'/M
(13)
a 0 = a + B'/M
where and are the limiting values at high molecular weight for Tg and
a
g ;
A- and B' are constant. Therefore, the molecular weight dependence of E
can also be corrected by the equation:
*
e*= e:-cvm
(15)oo
f is a
where is the activation energy E at very high molecular weight
. C
23
constant. Fox and Flory reported that Tg
, viscosity-temperature coefficient
and specific volume of polystyrene are changed with increasing molecular weight
toward asymtotic limits which are practically reached at the same molecular
weight about 30 ,000. Vinogradov 25 found that the E* and specific volume of
polybutadiene both become independent of molecular weight when the molecular
weight is higher than critical molecular weight Mc of polybutadiene
.
*
(4) Branching. The E of branched polyethylene is up to 18 Kcal/mole or
much higher than the 6-7 Kcal/mole for linear polyethylene. 19-20 Also, the E*
1 Q *
for branched polyethylenes decrease with shear stress. The E for linear
polymers are independent of stress even well into the shear region for non-
Newtonian flow. Long chain branches are postulated to be responsible for the
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anomalous flow behavior and the high activation energy. 19 An E* for
polypropylene of 18-12 Kcal/mole has been reported. This is much higher than
the usual value 9 + 1 Kcal/mole. Vinogradov subsequently found the high E*
values for polypropylene depended on shear stress. 27
"28
Moreover, it was
subsequently found that these polypropylenes contained long chain branches. 29
In contrast, for polybutadiene with long branches, Kraus and Gruver 30 found
* *
that E is not higher than for the linear polymer and that the E is not stress
dependent. The length, concentration and distribution of branches may be
crucial in generating these differences.
The branches can also affect Tg
. Substitution of a branched for a linear
molecule of the same molecular weight can increase the free volume and lower
22Tg. However, for the long chain branch, crowding at junction points like
22
cross-links may be expected to raise the Tg
. Therefore, it is reasonable
to expect that branches can either lower or raise the Tg or have no effect. The
*
higher E of branched polyethylene and polypropylene are expected to be
associated with a lower value of ctg and a higher value of Tg than the corres-
32ponding linear polymers. Marker et al. showed a lower slope in specific
volume-temperature plots for branched polyethylene than that for linear poly-
ethylene above the melting point. However, the exact value of Tg and for
*
branched polyethylene are still not available, the E of branched polymers are
thus not yet predicted by the Equation (12) .
*
(5) Microstructure. Microstructure is also expected to affect E , par-
25 *
ticularly if it can affect Tg and a
g
.
Vinogradov et al . reported that the E of
polybutadiene is decreased from 8 Kcal/mole to 4.7 Kcal/mole, if the percentage
of cis-1,4 polybutadiene is changed from 40% to 96%. However, their thermo-
mechanically determined Tg also decreases from -83°C to -96°C, if percentage
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of cis-1,4 polybutadiene changes from 60% to 90%, but the effect of microstructure
on a
c
are not reported.
Tacticity effect on E* have not been found so far although they may be
expected from these new correlations. The effect of tacticity on Tg of mono-
and di-substituted vinyl polymers (CH
2
CXY)
n
is expected when X * Y and
neither X or Y is hydrogen. 33 Therefore, it is not expected that the E* of poly-
1-Olefln series will be affected by tacticity. Indeed the different tacticities of
poly-l-octadecene show the same E , 34
Other factors such as crosslinking
, diluent concentration and pressure
can also effect Tg and a
g
.
Therefore, it is expected that the E* can also be
affected by these factors.
(6) Chemical Composition. The relation between E and chemical
composition is also influenced by the structure effects on Tg and a
g
.
1
3
Simha and Boyer proposed an empirical equation based on the iso-free
volume concept for Tg:
ctgTg = K
2
= constant (16)
The average value of K
2
for fourteen polymers is 0.164, the estimated
fractional free volume at Tg
.
If this equation is substituted into Equation (12)
first for a
g
and alternatively for Tg , the equations can be plotted with E vs
*
a
p
or E vs Tg as shown in Figure 4 and Figure 5. These two figures show that
X c
E increases with decreasing ctg and increases with increasing Tg with polymers
having the higher Tg or the lower ctg generally showing the higher E . This is
2
consistent with Eyring's rate process theory. The flow takes place through
the creation of a void within the fluid (volume effect) followed by the jump of
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a molecular segment into the hole (molecular structure effect)
. The E* is thus
related to the chain "stiffness" of the polymer molecules. If the molecular
chains are more stiff, the dimension of the flow unit is increased and E* would
be increased. Tg strongly depends on molecular "stiffness"
. At the glass
transition temperature there is sufficient thermal energy to surmount the
rotational energy barrier and begin the motion of the major segments of the
chain backbone. Therefore, a lower Tg reflects the ease of rotational motion
of the chain backbone. This, therefore, also corresponds to a lower E*. How-
ever
,
the E is not exclusively dependent on Tg or on a
g
. The a
fi
and Tg for
the poly-l-olefin series show a minimum in the region of poly-l-hexene to poly-
*
1-octene; the E of the series show the maximum in this region. This suggests
that ctg may be the predominant single correlation for E if only one parameter
is considered. It should be noted that Figure 4 shows that when a.<4.0x
-4
-1 * a. -110 deg the E increases rapidly
.
A 10% variation in ct
g
around 3.5 x 10 deg
*
represents >20% changes in E
. This sensitivity is avoided by the more general
Equation (12) . In this equation a 10% variation in a. leads to a 10% change in E
for the same Tg. This is because the value ct^Tg = 0.164 proposed by Simha and
13Boyer is an average for 14 polymers. Therefore, it is more satisfactory to
predict E from the Equation (12) involving both Tg and ctg.
It is well known that apparent Tg varies with the rate of measurement
and the method. Roughly Tg changes about 3° for a decade change in heating or
1 *
cooling rate. If Tg is ill-defined by 10°C, the calculated change in E based on
*
Equation (12) , is less than 1 Kcal/mole. It should be emphasized that E is a
sensitive measure for viscosity-temperature dependence. A variation of ~1 Kcal/
mole may be expected for precise viscosity measurements over a broad tempera-
ture range.
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Figure 5 shows additional data on E* and Tg found in the literature, but
for which a
2
is not available. This includes ethylene-acrylic acid copolymers
at four different acid concentrations, 21 hydroxyl and carbosyl terminated
polybutadienes
,
butadiene-acrylonitrile copolymer, 35 and a polyester. 36 The
E for the polyester shown in Figure 5 were measured at a shear rate of 24 sec" 1
rather than at a constant shear stress. 36 If it is still in Newtonian region at this
shear rate, these E of polyester will be the same as those measured at a con-
stant shear stress, otherwise the real value of E* will be expected to be higher
than the value of E measured at constant shear rate
. The E* of Biphenol-A
polycarbonate in the Newtonian region or at constant shear stress is 26 Kcal/mole. 37
At shear rate 24 sec
,
the E of Biphenal -A polycarbonate is 21 Kcal/mole 36
which is much less than predicted value 27 Kcal/mole.
58 *Recently, Plate et al. measured the E of poly (n-alkyl acrylate) and
poly (n-alkyl methacrylate) series. They found that E* decreases regularly
as the side chain length increases. When n-alkyl side chain length gets to
16 carbons, E goes to 6-7 Kcal/mole. This low value of E for long side chain
polymers was also found in our poly-l-olefin series. The Tg of poly (n-alkyl
methacrylate) series decreases and ctg increases regularly as the side chain
length increases from poly (methyl methacrylate) to poly (n-dodecyl methacrylate) , 59
These results confirm the correlation of E with Tg and ctg.
Conclusion
This paper has drawn attention to new correlations that can express the
*
flow activation energy E in terms of the melt expansion coefficient and glass
transition temperature Tg. Equation (12) can be practically used to predict the
66
E for polymers at temperatures over Tg + 150°C
. The equation is found to give
a good fit to a wide range of experimental data.
The use of a
g
and Tg to estimate the E* of polymer melts is more conve-
nient and accurate than other methods, since a
g
and Tg are easily measured
and readily available.
If the Simha-Boyer empirical equation a
£
Tg = 0.164 is used in conjunction
with Equation (12)
,
then a
g
or Tg each separately provides a correlation with
*
E
.
For polymers with the higher Tg or the lower a
£
exhibits, as predicted,
the higher E
.
Based on these equations, it is shown how the molecular weight,
branching and microstructure of polymers affect E in the way in which they
influence and Tg.
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COMMENT ON E*
(a) The shear conditions which experimental E* were measured. The
"shift factor" means E* were measured from the temperature "shift
factor" aT which can be obtained from shifting the flow curve (log
shear stress vs. log shear rate) at various temperature along the
horizontal or log shear rate axis to superimpose the flow curve at
reference temperature. 31
Branched polypropylene - Personal communication to R. S. Porter
from G. V. Vinogradov,
(c) Calculated from Reference 40.
The temperature range is below Tg + 150°C.
(e) If molecular weight > 25 ,000 E* is independent of M.W. Also reported
E* = 30 Kcal/mole at T = 200°C. E* = 38 Kcal/mole at T = 175°C.
See Figure 3.
(f) Also listed E* = 23 Kcal/mole at T = 150°C. E* = 37 Kcal/mole at
T = 100°C.
(g) E* changes from about 8 Kcal/mole at 300°K to 4.7 Kcal/mole at 425°K.
(h) E* changes from 8 Kcal/mole to 4.7 Kcal/mole if the % of cis-1,4 poly-
butadiene changes from 40% to 96%.
(i) Filled siloxane E* decrease from 4.4 Kcal/mole to 3.6 Kcal/mole when
shear stress increases from 0 to 150 p.s.i.
*
(j) E is unresolved, because PVC may exhibit microgel, crystallinity
,
chain branching and flow by domain,
(k) Uncertain data.
(1) Due to high volume expansion coefficient.
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CAPTIONS FOR FIGURES 77
3T
1
.
The E* of poly-l-hexene as a function of (T-Tg)
,
from the shift factor
(40).
O Kurath et al. (40)
.
/\ Wang et al. (6)
.
[ |
Shirayama et al. (9).
Calculated from W.L.F. equation.
Calculated from a
fi
= 6 . 2 x 10"
4
deg" 1
,
Tg = 223°K by the
equation (12) .
2. The E* of polystyrene and polyisobutylene as a function of (T-Tg) (40)
A polystyrene Tg = 373°K.
polyisobutylene Tg = 200°K.
Dashed lines predicted by the equation (12) .
3. Viscosities of poly-l-hexadecene as a function of temperature in
Newtonian region and from several constant shear stresses.
4. The E* of polymers as a function of a*
.
The solid line from the equation (12) and the equation (16) .
Q polyethylene, polypropylene, Q—polybutene-1
,
£^ polyhexene-1 , (^) polyheptene-1
,
polytridecene-1
,
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—Q polyoctadecene-1, (j) polystyrene, polyvinylacetate
,
Q-polydimethylsiloxane, polybutadiene
, Q polyisobutylene
,
—Q polyvinylchloride, Q hevea rubber, [~ GRS rubber,
|
|^poly (ethylene terephthalate)
.
The E* of polymers as a function of Tg
.
Solid line calculated from equations (12) and (16) .
Additional polymers for which E* and Tg are available but not a
g
. These
include:
ethylene-acrylic acid copolymer^
1
1.3%, '
^
3.1%, 5.3%, 6.5% acid
.
concentration (21)
, (gfhydroxyl terminated polybutadiene
, (g) carboxyl
terminated polybutadiene, (^butadiene acrylonitrile copolymer (35)
,
Bisphenol-A polycarbonate (37)
,
}\l 18 type a copolvester
. /V3ipheno
A copolyesterA poly (CHDM terephthalate) ?>\ poly (e-caprolactam)
,
I T
/\ poly(decamethylene adipate) , /\poly (oxvdiethylene adipate) (36)
.
Other symbols as in Figure 4
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CHAPTER IV
STEADY STATE AND DYNAMIC RHEOLOGY OF POLY-1-OLEFIN MELTS
Synopsis
The steady state and dynamic melt rheology for the poly-l-olefin series
has been investigated. The series includes poly-l-butene
, poly-l-hexene
,
poly-l-heptene, poly-l-octene
, poly-l-undecene
. poly-l-tridecene, poly-1-
hexadecene and poly-l-octadecene
.
They were investigated by use of a Weis-
senberg Rheogoniometer
. Corresponding tests on poly-l-butene were also
made in an Instron Capillary Rheometer.
The empirical relation of Cox and Merz was obeyed for the entire series
of poly-l-olefin and at all experimental temperatures.
Graessley's theory was used to calculate the flow curves for the poly-1-
olefins using the measured molecular weight distribution. The purpose was to
investigate the effect of polymer composition on the shear rate dependence of
viscosity. It was found that all experimental flow curves except poly-l-hexene
can be fitted with the calculated curves using the individual molecular weight
distributions. The conclusion is thus made that flow curves of poly-l-olefin
predominately depend on molecular weight distribution and are essentially in-
dependent of side-chain length even for poly-l-olefins with pendant groups as
long as 16 carbon atoms.
If low shear limit Newtonian viscosity r\ for all poly-l-olefins can be
expressed by the equation, r\Q = KMw
3 ' 4
,
or by r\ = K'Pw3,4
,
where Mw is
the weight average molecular weight and Pw is the weight average degree of
polymerization, the K and K' values decrease systematically as the side-chain
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length increases from poly-l-hexene to poly-l-octadecene. However, K' values
decrease more slowly than K values.
The dynamic shear storage modulus, G'
, loss modulus, G", and the reci-
procal of dynamic shear compliance, 1/J< versus frequency curves at different
temperatures can be superposed according to time-temperature superposition.
The theory of second order fluid was only fitted by the data of poly-l-heptene
andpoly-l-octene. That is
,
at low frequency
, half normal stress (a -a )/211 22 ;
can be correspondent to G'
,
the steady shear modulus G is correspondent to the
reciprocal of low frequency limit dynamic compliance 1/ J° and shear stress te 12
is correspondent to G"
.
The steady shear modulus G for members of this poly-l-olefin series was
found to be insensitive to molecular weight distribution for these broad distri-
bution samples. The value of G, however, decreases with increasing the length
of pendant groups from poly-l-hexene to poly-l-octadecene.
It was found that the steady state and dynamic viscoelastic properties of
poly-l-olefin series have the same temperature dependence. The flow activation
*
energy E was calculated from n, from n. at constant shear stress and fromU a
|
t)
| at constant product for co|t] | . Three ways all give the same E* which is
independent of temperature over the measured range in the melt.
Introduction
Polymer melt rheology is influenced by several molecular properties
such as molecular weight, molecular weight distribution and branching. How-
ever, little effort has been reported in attempts to relate polymer composition
to melt rheology. In this regard, the poly-l-olefin series represents the most
fundamental compositional series for evaluation of rheological characteristics
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for linear atnorphous powers. The loweBt members Qf^^
and polypropylene have been studied extensively. For the higher ambers
however. rheoIogical studies have been rare. Shirayama et „.» ported studies
on six different poly-l-olefins by using a rotating-cylinder rheometer. Barber
Cotnbs e, al. 2 also reported the influence of side-ohain length on the melt rheology
of five poly-i-olefins using a Melt Indexer. These valuable early results do not,
however, provide a clear overall picture. For example, molecular weight distri-
bution is known generally to affect shear thinning characteristics, 3 yet the distri-
butions are unspecified in these earlier reports even though they likely differ
from sample-to-sample and from study-to-study. It is thus impossible to decide
if the side chain length in the poly-l-olefln series has any effect on the shear
rate dependence of viscosity.
Graessley has developed a theory based on molecular entanglements 4 which
can be used to calculate flow curves for different breadths of molecular weight
distribution. The theory has been successful for a limited number of test cases. 6
This theory will thus be considered in the light of these new studies on the shear
rate dependence of viscosity for the poly-l-olefins. A decision can thus be
potentially reached concerning the influence of polymer composition on the shear
rate dependence of viscosity.
The rheoIogical properties for the poly-l-olefin were measured in steady
state and in dynamic experiments. The measurements were made by using a cone-
plate type rheogoniometer (Weissenberg) and a capillary type rheometer (Instron)
.
Samples
Poly-l-olefin series used here consisted of linear poly-l-butene, poly-1-
hexene, poly-l-heptene
,
poly-l-octene
, poly-l-undecene, poly-l-tridecene
,
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poly-l-hexadecene and poly-l-octadecene. One sample of each polymer was
used except for poly-l-octadecene. For this polymer, samples of three dif-
ferent molecular weights and tacticities were tested. All samples were prepared
by Avisun Corporation, Marcus Hook, Pennsylvania, and were polymerized by
using a Ziegler-Natta catalyst - titanium tetrachloride and aluminum triisobutyl.
The polymerization methods for these samples have been reported previously. 7
These polymers are believed to be entirely linear. These molecular weights and
distributions, as measured by calibrated gel permeation chromatography, are
identified in Table 1
.
The temperature ranges of measurement used in the
Weissenberg Rheogoniometer and the Instron Rheometer are also shown in Table 1
Experiments
The melt rheology was investigated with a Weissenberg Rheogoniometer
(Model R17) which was used to measure steady and dynamic viscoelastic pro-
perties. A 4° angle, 2.5 cm-diameter cone was chosen to minimize sample size.
Various torsion bars were used as appropriate for the viscosity and modulus
range. The dynamic properties were measured with an improved version of
o
Birnboim Ultra Low Frequency Phase Meter. The modified phase meter defines
phase angles to less than + 2%. The input amplitude was sufficiently small to
provide dynamic viscosities and rigidities which were independent of amplitude,
i.e.
,
in the region of linear viscoelasticities. In order to eliminate voids and
reduce oxidation, the powdery samples were pressed to films before insertion in
the Rheogoniometer. The samples were measured over the melt temperature
ranges shown in Table 1 . The samples were always surrounded with nitrogen
gas to decrease degradation. Over the reported temperature ranges, degradation
was not present. At yet higher temperature, degradation was observed as a
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decrease in steady shear and dynamic viscosity with time. The reproducibility
of degradation-free data is better than + 5%.
Values of steady shear viscosity and of the first normal stress difference
(a
n"022 ) were determined as a function of shear rate. The values of dynamic
viscosity n\ the dynamic shear storage modulus G\ and shear loss modulus G"
were obtained from the oscillatory experiments. The absolute value of complex
dynamic viscosity
|
r,
j
were calculated from G- and G" by the Equation (1)
:
r)*| = (G' 2 + G" 2 )
1/2
/ (1)
The shear storage compliance J' has been calculated from G' and G" by Equation
(2):
J» = G'/(G' 2 + G'» 2 ) (2)
The sample available in large quantity was poly-l-butene
. The Instron
Rheometer was thus used to measure viscosities at high shear on this sample.
The range of shear rates measurable by the Instron is from about 5 to 500 sec" 1
In order to avoid measurable entrance effects, a large ratio for capillary length
to-diameter was chosen (D = 0.060", L = 2.00", L/D = 33.3) . The true shear
rate at the capillary wall yw
was calculated from the apparent value ywa ,
5
according to the Rabinowitsch equation:
*w
=
>Wa O/ 4 + l/4d logywa/d logi ) (3)
where x is the wall shear stress. The non-Newtonian viscosity r\ is definedw a
as the ratio of shear stress to true shear rate.
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The data on molecular weight and molecular weight distribution (MWD)
were obtained by using a Waters Associate Gel Permeation Chromatograph (GPC
Model 200)
.
In order to avoid degradation and to simplify the corresponding
intrinsic viscosity measurements, the GPC operating temperature was 80°C.
1.2,4-trichorobenzene was the GPC solvent. All polymers dissolved completely
in this solvent at this temperature. The universal calibration method was used
to calculate the absolute molecular weights and the MWD
. The details of the
procedure have been described elsewhere. 9 The intrinsic viscosities were
measured in the same solvent and at the same temperature in Cannon-Ubbelohde
Dilution Viscometer.
Results and Discussion
Viscosity Change with Shear Rate and Frequency
.
Figure 1 is the plot
of steady state viscosity, r\
a
,
versus shear rate, y, and of complex dynamic
viscosity,
|
r\
|
and dynamic viscosity r|' versus frequency, co, for poly-1-
butene at three temperatures. The n at lower shear rates were measured by
a
the Weissenberg Rheogoniometer
. At high shear rates, the Instron Rheometer
was used. The excellent agreement between and
|
r\ | was found for each
*
temperature, rj' diverges from the
|
rj curve in the region where j] becomes
a
non-Newtonian. At higher frequencies, r\ l decreases more rapidly than
|
r\
and n for all cases,
'a
The correspondence of linear and nonlinear viscoelastic properties has
been tested in numerous studies. Cox and Merz^"^ first suggested that for poly-
styrene melts and for solutions of polyisobutylene in decalin, r\ vs. y curves
a
*
matched
j
r| vs. co curves. This empirical observation has been confirmed by
11 12Onogi et al. for polyethylene and for polystyrene melts. This coincidence
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has also been previously reported for polypropylene melts. 13 Shroff and Shida 15
have found that the empirical relation of Cox and Merz is good for high-density
as well as for low-density polyethylenes with low values for weight-average
number of branches per molecule (nj
. The correlation, however, was poor
with low-density samples with large values of n
w
'
Recently, a dilute solution theory for rigid dumbbells has been published
which predicts identity of r|
a
and
| n* for small values of arguments
.
14
For the poly-l-olefins
,
it should be noted that coincidence between rj
*
a
and
|
n
|
was found not only the lower members of the series but also for higher
members, e.g., poly-l-hexene to poly-l-octadecene
, exhibited agreement
between r\
a
and
|
n
|
over the region of overlapping data. Samples available,
however, were inadequate in amount for testing by Instron Rheometer. It is
thus a remaining question whether the long pendant groups give results comparable
to low density polyethylene.
• *
These na vs - Y and I n I vs. co curves at a series of temperature for each
polymer have been found to superposed to a single master curve by plotting the
ratio of r|
a
/r|
o
and
|
n
|
/x]
q
against ycR and a)tR , respectively, as shown in
Figures 2-9. Here r\ is Newtonian viscosity, T is absolute temperature, tD isO R
the Rouse relaxation time expressed by:
t = (6/tc
2
) (n Mw/pRT) (4)
rv O
Here, weight average molecular weight Mw was used. Melt density p was obtained
7 -1 -1from dilatometric experiments. R is the gas constant (8.31 x 10 erg deg mole ) .
*
The complex dynamic viscosity
j
rj
j
is represented by the filled points in these figure
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It is clearly confirmed that
|
r\*\ values can be superimposed by plotting with
<oiR and that they overlap with the curves of ti vs vr
'a " ' R "
Graessley's molecular entanglement theories 4 allow a further calculation
of flow curves from molecular weight distribution data obtained here by gel
permeation chromatography (GPC)
. A computer program developed by
1
6
Graessley was thus used to calculate n/n
o
vs. yjl for members of the poly-1-
olefin series from GPC measures of molecular weight distribution. Here i is
o
an experimental relaxation time, considered to bo an entanglement formation
time reduced to y = 0. In all the figures, the theoretical curve of log (n. /n )
a o
vs. log (yt
o
/2) was shifted parallel to the axes to achieve the best fit with
experimental data. The experimental relaxation time, t could thus be calcu-
o
lated from a direct comparison of the yaxis of the experimental curve with the
YCq
/2 of the superimposed theoretical curve. The experimental and calculated
Graessley's theoretical flow curve, using the MWD from GPC , are in fairly good
agreement for all the poly-l-olefins tested here, except for poly-l-hexene
. The
curves from GPC were not corrected for band broadening (about 0.2 in M /M ) .
w n
This is inconsequential since Graessley's theoretical flow curves do not change
sensitively with the ratio of M^/M^ for the broad MWD studied here. Actually
the shapes of the flow curves are very similar despite the differences in M^/M^
for broad MWD
.
The experimental flow curve of poly-l-hexene deviates from the theoretical
curve even at low shear rates. The reasons for this is as yet unknown. The low
molecular weight of poly-l-hexene may be a possible reason. The fit was also
not good with data on poly-l-heptene and poly-l-octene in the sensitive high
shear region. Measured viscosities for these two polymers were found to
decrease more rapidly than the calculated curves. For the other higher poly-
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1-olefin, the agreement between experimental and theoretical flow curve is good
even for side-chain lengths up to 16 carbon atoms. This means that the flow
curves of poly-l-olefin series predominently depend on molecular weight dis-
tribution and are independent of side-chain length in the poly-l-olefins. There-
fore, the chemical composition of poly-l-olefin does not significantly affect the
flow curve of these polymers with the discrepences noted above.
The values of experimental relaxation time i
q
for all poly-l-olefins did not
equal the Rouse relaxation time tR but were of the same order , as shown in
Table 2. The ratio of t
r
/t
q
increases with increasing molecular weight regard-
less of molecular weight distribution and for different poly-l-olefin. The plot
of xR/to vs - Mw is virtuallY a straight line for the poly-l-olefin series as shown
6in Figure 10. Graessley has reported that the ratio t
r
/t varies systematically
with both concentration, C, and molecular weight, M, and that t^/t vs. theR o
product CM yields a single straight line for systems of various concentrations
and molecular weights. The results also show that experimental relaxation time
obtained by superposition is independent of molecular weight distribution.
Newtonian Viscosity
.
The low-shear Newtonian viscosities were generally
obtained for all the poly-l-olefins except for poly-l-undecene and poly-l-octa-
decene, Sample 2. Two poly-l-octadecene samples, numbers 1 and 3, which
have low-shear Newtonian viscosities rjQ show a slope of 3.4 in the plot of log r|Q
vs. log Mw.
Poly-l-tridecene
,
poly-l-hexadecene f and poly-l-octadecene have a
similar Mw, however their rj values at the same temperature decrease sys-
tematically with increasing side-chain length. If Newtonian viscosities rj for
34
each poly-l-olefin are expressed by r) = KMw ' then the value K at the same
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temperature decreases systematically from poly-l-hexene to poly-l-octadecene
as shown in Table 3. Since the viscosity of polymers seems to be more dependent
on the length of the main chain than on molecular weight, r, can be expressed by
- 3 4 —
°
T]
0 -
K'Pw •
,
here Pw is the weight average degree of polymerization. The K'
value for the poly-1
-olefin series still decreases with increasing side-chain
length, but the differences are much less than in K values. This means that the
polyolefins having longer side-chain show lower viscosities for the same weight
average molecular weight. This is consistent with Shirayama's results. 1 Shira-
yama et al
.
studied the molecular weight dependence of viscoelastic properties.
At fixed shear rate and temperature, n
g
, n' and G' for each polymer sample were
expressed by the form KM^
.
Here M~
n
is number average molecular weight.
They found that the values of a were approximately 3-4 for all the samples and K
decreased with increasing side-chain length.
Melt Elasticity
.
The melt elasticity can be obtained by the measurement
of the first normal stress difference, o
2
, in steady shear. This difference
can be measured directly with the Weissenberg Rheogoniometer
. From the first
normal stress difference, the steady shear modulus, G, may be calculated by the
following equation:
- G = 2^/ (on-c22 ) (5)
The dynamic storage modulus G' and loss modulus G" were also measured
from dynamic experiments. The dynamic compliance J 1 can be calculated from G 1
and 6" by Equation (2) . The G\ G" and 1/J 1 can also be superimposed on a
master curve from measurements made at different temperature. The Figure 11
shows typical data of G r . G" and 1/J 1 as a function of coaT for poly-l-heptene.
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The reduced data was superimposed by multiplying the frequency axis by a
shift factor aT . The experimental data do not give a constant limiting value of
steady state shear compliance:
J° = limG'/(G' 2 + G'' 2 ) . (6)
This result is typical of the response of system with broad molecular weight
distribution.
In Figures 12 and 13 the lines represent the master curve of dynamic
measurements of G 1
,
G" and 1/J 1 as a function of coaT for poly-l-heptene and
poly-l-octene. The data points in these figures give the steady state shear
stress t
12 ,
half the primary normal stress difference (°n~°22^ 2 and the shear
modulus G, as a function of the reduced shear rate yaT - The same shift factor
aT for the steady state and dynamic master curves, indicates that they have the
same temperature dependence. The data of poly-l-heptene, poly-l-octene in
Figures 12 and 13 show that for these systems G 1 is equal to (°n~G22^^ anc* Tl2
is equal to G" on the low shear region. G is close to 1/J 1 in the low shear region
but with less shear rate dependence than the frequency dependence of 1/J 1 . G
thus becomes smaller than 1/J 1 at the higher shear rates. However, these
experimental correlation are only expected to be true at low shear in the Newtonian
region, where G"/co reaches a constant value. For the other poly-l-olefins , the
dynamic experiments did not reach a sufficiently low frequency for G"/<0 to be-
come constant. Therefore, it was found that f°
11
"a
22^ 2 is lar Ser than G '> Tj2
*
is larger than G" but equal to the complex dynamic shear modulus | G | =
2 2 1/2
(G ( + G" ) , and G is less than 1/J 1 at the corresponding shear rate and
frequency. The equality of t
12
and | G | corresponds to the empirical relation
of Cox and Merz where ti is equal to | ti | .
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The steady-shear modulus G versus shear is a test of Hooke's law in
shear as described by Baglay. 24 These studies apparently show a shear rate
and stress independent modulus. The steady-shear modulus G of poly-l-olefins
obtained in this study slightly increase with increasing shear rate as shown in
Figure 14. This is also a characteristic of the broad MWD for the samples. 18 In
Figure 14, G values at the same shear rate for the poly-l
-olefin are shown to
systematically decrease from poly-l-hexene to poly-l-octadecene as the side-chain
length increases
.
This conclusion is apparently independent of differences in MWD
.
This is a surprise result since J° (or 1/G) is sensitive to molecular weight distri-
bution. The Prest and Porter 20 study for blends of polystyrenes showed that the
J° for narrow MWD polystyrenes passes through a high maximum upon addition of
low concentrations of a high molecular weight fraction. A similar result was also
found for blends of polydimethylsiloxane
.
19
However, many studies have shown
that J° does not depend on molecular weight if the molecular weight is higher
than critical molecular weight M 3
.&
c
Quantitative studies of the MWD dependence of G, especially for broad MWD's
have not yet been published. From these studies, the G of the poly-l-olefins is
found to be insensitive to MWD for the broad MWD's of samples available.
Temperature Dependence. The temperature dependence of viscoelastic
properties can be obtained from either steady state or dynamic experiments and from
the shift factors needed for temperature superposition. Figures 12 and 13 show the
frequency dependence curve of G', G" and 1/J' as well as the shear rate dependence
of and ( a12
~ a22^ at various temperatures. They are all satisfactorily super-
posed by the same shift factor a
T>
to give master curves. This indicates that the
steady state and dynamic viscoelastic properties for the poly-l-olefins have the
same temperature dependence. The activation energy E can be calculated from the
plot of a
T or nQ against reciprocal temperature. The two ways give the same E .
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E can also be obtained by the plot of apparent viscosity r\ at constant
shear stress vs. 1/T. E* is known to be dependent on shear rate but independent
of shear stress for linear amorphous polymers. 21 ' 22 It is shown in addition in
this paper that
|
r,
|
vs. w at different temperature can also be used to calculate
anE
.
This is shown in Figure 15. In this plot, the
|
r,*| for poly- 1-octadecene
sample 1 is plotted vs. 1/T at different values of the product co| n*| . n are also
plotted vs. 1/T at different shear stresses,^ The | r,*| data are represented
by the black points in Figure 15. It is obvious that the lines of
|
r,*| are parallel
with the lines of t|
a
and also parallel with the line of r\ for the Newtonian region.
This means E calculated from
|
rj
| at a constant product co| rj | is identical with
the value calculated from r)
a
at constant shear stress and with values from the
Newtonian viscosity.
The three different molecular weights and tacticities for poly-l-octadecene,
samples 1-3, show an E at constant shear stress of 7.5, 8.4 and 8.0 Kcal/mole
respectively. This confirms that E is independent of molecular weight at high
molecular weight and independent tacticity within the experimental precision
of E +1 Kcal/mole.
22 *A previous report by these workers showed that the E for the poly-1-
olefin series increases from polyethylene to poly-l-hexene, there is a maxima
around poly-l-hexene and poly-l-octene. For the higher member of the series,
* *
the E decreases with increasing side-chain length. The E for the higher mem-
bers up to poly-l-octadecene are constant and close to the E for high-density
1 *
polyethylene. Later, Shirayama et al. also showed that the E of poly-l-olefin
*
reached a maxima at poly-l-hexene, but the E for poly-l-hexene was much
22
smaller than reported here. This is likely due to the lower temperature of
* 23 *
viscosity measurements used here to calculate E . The E of polymers changes
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regularly with chemical composition. It has been shown that volume expansion
coefficient a
£
above melting point and glass transition temperature T
g
of polymers
could be used to correlate with E* for different polymers including poly-l-olefin
23
series
TABLE 1
Poly-l-olefin
Molecular Weight, Molecular Weight Distribution and
Temperature Range for Viscosity Measurements
Polymer M m M /M Viscosityn w w' n Test Range,
poly-l-butene 6.30 X 410 8.50 X 10 5 13.5 150 - 230
poly-l-hexene 4.00 X 10 3 1.70 X 410 4.3 40 - 80
poly-l-heptene 8.70 X 10 3 5.90 X 10 4 6.8 40 - 80
poly-l-octene 1.10 X 10 4 8.00 X 10 4 7.3 40 - 80
poly-l-undecene 3.80 X 10 5 1.20 X 10 6 3.2 80 - 140
poly-l-tridecene 2.40 X 10 5 2.60 X 10 6 11.0 80 - 120
poly-l-hexadecene 3.40 X 10 5 2.50 X 10 6 7.4 80 - 140
poly-l-octadecene
Sample 1 7.30 X 10 5 3.50 X 10 6 4.8 80 - 140
Sample 2 2.10 X 10 5 2.70 X 10 6 13.0 100 - 140
Sample 3 6.90 X 10 3 4.30 X 10 5 62.0 80 - 140
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TABLE 2
Rouse, t
r ,
and Experimenent
,
t
o
, Relaxation Times
(All at 80°C except poly-l-butene at 170°C)
Polymer lR
(sec)
o
(sec)
TR/To
poly-l-butene
poly-l-hexene
poly-l-heptene
poly-l-octene
poly-l-tridecene
poly-l-hexadecene
poly-l-octadecene
Sample 1
5.8
0.023
0.082
0.11
77
2.8
1.3
0.012
0.15
0.18
10.3
5.8
0.3
4.5 5.2 x 10
0.2 4.4 x 10°
0.55 4.5 x 10
4
0.62 4.5 x 10
7.5 8.2 x 10
5.6 3.2 x 10
9.5 2.6 x 10
100
TABLE 3
i
K and K value of poly-l-olefin at 80°C
Polymer K = x] /Mw 3 - 4 K » = n /Pw3 - 4
o
poly-l-hexene 1.9 x 10~U 6.6 x 10~ 5
poly-l-heptene 8.9 x 10" 13 6.9 x 10
_6
poly-l-octene 7.5 x 10~ 13 5.2 x 10" 6
poly-l-tridecene 7.6 x lO
-17
6.2 x 10~
9
poly-l-hexadecene 6.4 x 10" 17 3.7 x 10" 9
poly-l-octadecene
Sample 1 3.3 x 10~ 18 4.7 x 10~ 10
Sample 3 3.3 x 10~ 18 4.7 x 10
_1 °
Low shear Newtonian viscosities of poly-l-undecene and poly-l-octadecene
(Sample 2) were not found at 80°C.
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Captions for Figures
1. The steady state viscosity r,
a
versus shear rate yfrom Weissenberg
Rheogoniometer and Instron Rheometer
,
complex dynamic viscosity
| n | and dynamic viscosity versus frequency r|' for poly-l-butene.
2. The comparison of experimental flow curve of poly-l-butene with
Graessley's theoretical flow curve. The solid line was calculated from
Graessley's theory.
3. The comparison of experimental flow curve of poly-l-hexene with
Graessley's theoretical flow curve.
4. The comparison of experimental flow curve of poly-l-heptene with
Graessley's theoretical flow curve.
5. The comparison of experimental flow curve of poly-l-octene with
Graessley's theoretical flow curve.
6. The comparison of experimental flow curve of poly-l-undecene with
Graessley's theoretical curve.
7. The comparison of experimental flow curve of poly-l-tridecene with
Graessley's theoretical flow curve.
8. The comparison of experimental flow curve of poly-l-hexadecene with
Graessley's theoretical flow curve.
9. The comparison of experimental flow curve of poly-l-octadecene with
Graessley's theoretical flow curve.
10. The ratio of Rouse relaxation time to experimental relaxation time tRAQ vs.
weight average molecular weight for different poly-l-olefins,
11. The superposition curve of G', G" and 1/J 1 of poly-l-heptene reduced to
temperature 80°C.
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12. Shear rate dependence of Co^-o^/l, and G and frequency dependence
of G\ G" and 1/J for poly-l-heptene reduced to 80°C.
13. Shear rate dependence of and G and frequency dependence
of G\ G" and 1/J' for poly-l-octene reduced to 80°C.
14. The shear modulus G of poly-l-olefins vs. shear at 100°C
.
15. The change of viscosity of poly-l-octadecene (Sample 1) with temperature
• from steady shear viscosity rj
a
(open points) and complex viscosity
| n
(filled points)
.
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THE RATIO OF ROUSE RELAXATION TIME TO
EXPERIMENTAL RELAXATION TIME VS. WEIGHT
AVERAGE MOLECULAR WEIGHT
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CHAPTER V
SUGGESTIONS FOR FUTURE STUDIES
The Temperature Coefficien t of Unperturbed Dimension of Poly-l-olefin
Series
.
The temperature coefficient of the mean-square unperturbed end-to-
end distance din <r 2>Q/dT can be determined in several ways: (a) Stress-
temperature measurements on elongated amorphous network of the polymer;
(b) Intrinsic viscosity-temperature measurements in athermal solvents; (c)
Intrinsic viscosity determinations in a series of solvent at their respective theta
temperature. Methods (a) and (c)
, the chains are in their unperturbed confi-
gurations and thus it is unnecessary to correct its long-range interactions.
However, method (b)
,
the corrections are necessary, and the athermal nature
of the solvent facilitates the required correction of chain dimensions to their
unperturbed value. The procedures of the correction for the method (b) are
shown in the following:
[n] = <D[<r
o
2
>
o
/M] 3/2M1/2a 3 = KM1/2a 3 (1)
a
5
- a
3
= 27 (27t)'
3/2 (V 2/NAV
1
)[<r 2>
o
/M]" 3/2M 1/2 (l/2 - Xj ) (2)
a is an expansion factor arising from long-range interactions, V and V*
1
are the specific volume of polymer and molar volume of solvent, NA is the Avogadro
number, x^ is a parameter characterizing the interaction of polymer and solvent.
A change in temperature may affect the intrinsic viscosity through K and
3
a
,
the change of the latter is likely to be dominated. In a very good solvent, a
should decrease with increasing in temperature. In an athermal solvent, it should
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be impendent of temperature
.„„ in poor so.vent „ sh„„M tncrease witn
temperature.
Solving Equation (1) for the temperature oooffioient of <r
o
2
> and usi
Equation (2) to eliminate the temperature coefficient of « gives
sing
dln<r 2>
o
/dT = (5/3 - l/„ 2 ) dln[n |/dT - (1 - !/„«) [2p _ . .
2 1
-1^.. /Jm%1 (3)d/2 - Xj
) ^(dXj/dT)]
where: p
x
= (l/Vj) (dV^dT)
P2
= (1/V) (dV/dT)
are thermal expansion coefficients of solvent and polymer respectively.
If measurement is made in an athermal solvent, « has been equated to zero
as a first approximation. So is <r
o
2
>/M, V, Vj and Pj and P 2 are known, the a
value can be calculated from Equation (2) , then a can be obtained from the intrin
sic viscosity measurements at different temperatures by using Equation (3) .
The intrinsic viscosities of several poly-l-olefins in anisole solution over
the temperature range 70°C to 130°C are shown in Figure 1. Anisole is a poor
solvent for poly-l-olefins, it can be expected that the intrinsic viscosity rises
rapidly in the vicinity of theta temperature (around 70°C) but at a deaccerating
rate as the temperature departs from theta temperature. It is inappropriate to
2
get dln<rQ >/dT from these measurements. Since at this poor solvent, Xj and
dx
x
/dT cannot be neglected and a also changes with temperature. Therefore, it
needs a large correction to get dln<rQ
2
>/dT from dln[rj]/dT according to
Equation (3) .
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be independent of temperature and in peer solvent it should increase with
temperature.
Solving Equation (1) for the temperature coefficient of <r 2> and using
o 5
Equation (2) to eliminate the temperature coefficient of a gives:
dln<r >Q/dT = (5/3 - 1/a
2
) dln[n]/dT - (1 - l/ a 2 ) [2p_ - p -
2* 1
(1/2 - x
1
)"1 (dx
1
/dT)]
(3)
where: P
x
= (1/V^ (dV /dT)
P 2
= (1/V) (dV/dT)
are thermal expansion coefficients of solvent and polymer respectively.
If measurement is made in an athermal solvent, Xj has been equated to zero
as a first approximation. So is <r
Q
2
>/M, V, Vj and p
x
and P 2 are known, the a
value can be calculated from Equation (2) , then a can be obtained from the intrin-
sic viscosity measurements at different temperatures by using Equation (3) .
The intrinsic viscosities of several poly-l-olefins in anisole solution over
the temperature range 70°C to 130°C are shown in Figure 1. Anisole is a poor
solvent for poly-l-olefins, it can be expected that the intrinsic viscosity rises
rapidly in the vicinity of theta temperature (around 70°C) but at a deaccerating
rate as the temperature departs from theta temperature. It is inappropriate to
2
get dln<r
Q >/dT from these measurements. Since at this poor solvent, x 1 and
dXj/dT cannot be neglected and a also changes with temperature. Therefore, it
2
needs a large correction to get dln<rQ >/dT from dln[n.]/dT according to
Equation (3) .
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It is suggested that the intrinsic viscosities of poly-l-olefin series be
measured in an athermal solvent, n-hexadecene
, at different temperatures. In
this solvent, it can be expected that a is independent of temperature and x
,
dXj/dT can be neglected
.
Therefore
,
dln<r
Q
2
>/dT can be easy to get from
din [nJ/dT by Equations (1), (2) and (3).
The method (c) can be also used to measure dln<r
Q
2
>/dT of poly-l-olefin
series. The theta temperature at several different theta solvent needs to be known.
We have found that temperature at two theta solvents anisole and cyclohexaone
shown in Chapter 1
.
It is suggested to find other theta solvents and theta tempera-
tures from which one can compare dln<r
Q
2
>/dT of poly-l-olefin series in the same
temperature range.
The samples should be fractioned into a narrow molecular weight distri-
bution and be highly tactic polymers. Since several experiments indicate that
the isotactic form has larger unperturbed dimension than the corresponding atactic
2
or syndiotactic form. The experimental difference is about 10-15% and this is
ssconsistent with current theoreis of macromolecular conformations. 3 ' 4 In the le
stereoregular polymers, the temperature coefficient dln<r >Q/dlnT may be
c
positive or negative depending upon the chain configuration. It is the possible
2
reason that the temperature coefficient dln<r >Q/dlnT found in literature has
different values for the same polymer
.
Unit Cell and Heat of Fusion Determinations for the Poly-l-olefin Series
.
If a partly crystalline polymer may be regarded as a two-phase mixture of
crystalline and amorphous polymer , the computation of the percent crystallinity
from density and heat of fusion is straightforward, provided values for the density
and the heat of fusion of a 100% crystalline polymer and of 100% amorphous polymer
are known.
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The density of rapidly quenched sample can potentially provide a value
for the density of completely amorphous polymer
. When quenching does not
entirely prevent crystallization
.
one can estimate the densities of the completely
amorphous polymer by extrapolating densities, measured at a series of tempera-
tures above the melting point, to a temperature below the melting point.
The density of an entirely crystalline polymer can be computed from unit
cell dimensions.
The unit cell for lower members of the poly-l-olefin series, e.g.
,
poly-
ethylene, polypropylene and poly-l-butene has been determined by x-ray dif-
fraction. However, for the higher members of the series, the unit cell dimensions
have not yet been reported. It is suggested here that x-ray diffraction be used
to determine the unit cell dimensions. After the dimension of the unit cell is
known, one can calculate the densities of complete crystallines of poly-l-olefins.
The heat of fusion for partially crystalline polymer is a function of percent
crystallinity. Therefore, if the percentage is known, the heat of fusion for
100% crystallinity can be obtained from the extrapolation of data on partially
crystalline poly-l-olefins. The heat of fusion of partially crystalline poly-l-
olefins can be measured from DSC or other available calorimetry.
The heat of fusion per repeating unit of poly-l-olefins can be also esti-
o
mated from an equation derived by Flory. The equation relates the depression
of the melting point caused by the addition of diluent to the volume fraction of
diluent Vg
, i.e .
:
1/Tm - 1/Tm° = (R/AHu) (Vu/V
£ )
(V
g
- x^ 2 )
Where AHu is the enthapy of fusion per repeating unit, Vu/V 0 is the ratio of
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molar volume of the diluent, and x is an interaction parameter, is the melting
point of undiluted polymer
.
Once T
m
° has been determined, the values of AHu and Xj can be obtained
by plotting the quantity (1/Tm - 1/Tm°) /V
fi
against V
g
. According to the equa-
'
tions the intercepts should equal (R/AHu) (Vu/V
g
) and x^ay be computed from
the slope
.
Determine the E of Completely Linear Polyethylene by Viscosity Studies
on Hydrogenated Polybutadiene
.
High density polyethylene produced from the
polymerization of ethylene at extremely high pressure or from the polymerization
of ethylene with Ziegler-Natta catalysts or with supported metal oxide catalysts
reportedly still contains few branches, about one side chain per 200 carbon atoms
in the main chain. It is known that the flow activation energy E* of branched
polyethylene is much higher than that of linear one. The E of branched poly-
ethylene is as high as 18Kcal/mole comparing to 6-7Kcal/mole for "linear"
polyethylene. The E of 5.5Kcal/mole is the lowest value which have ever been
found for high density polyethylene. 9
For the completely linear polyethylene without any short or long side-chain
,
*
it is possible that the E of this linear polyethylene may be lower than 5.5Kcal/mole
The required completely linear polyethylene is possibly obtained from hydroge-
nating linear polybutadiene. They are available from Phillips Petroleum Company
and they are also narrow MW distribution. It is suggested that the E of this
hydrogenated polybutadiene is measured and compared with the E of usual high
density polyethylene
.
The Effect of Pressure on Flow Activation En&irgy
.
According to Equation
(12) discussed in Chapter 3 f the factors effect on glass transition temperature Tg
and volume expansion coefficient above glass transitkon temperature will also
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affect flow activation energy
.
The pressure can affect Tg and a
g
,
therefore it is
suggested here that the pressure can also affect E*
.
Penwell's Ph.D. thesis at University of Massachusetts shows that Tg of
polystyrene changes from 100 to 130°C when the pressure is increased from 300
to 1400 bars. Also, of polystyrene decreases from 4.48 deg" 1 to 2.84 deg" 1
if the pressure increases from 300 bars to 1400 bars. The data above was used
to calculate E from Equation (12) in Chapter III. The E* of polystyrene will
increase from 22Kcal/mole to 36Kcal/mole if pressure increases from 300 bars
to 1400 bars. However no data has been found to show this prediction.
For branched polyethylenes
( it was found that the E measured at constant
stress decreases with stress and pressure
,
10 fU but the E* of linear polyethylene
is independent of shear stress and pressure. Since the exact value of Tg and ct
£
*
are still not available, the E of branched polyethylene are thus not yet predicted
by the Equation (12) in Chapter ill.
It is suggested that viscosities at different temperatures are measured at
*
high pressure. The E may be calculated from this high pressure experiments
and may be compared with the prediction.
The Blend of Poly-l-olefins
. The rheological and physical properties
all show marked changes with composition for the poly-l-olefin series. The
maximum and minimum value of properties occur in the middle range of compo-
sition, i.e. , near poly-l-hexene and poly-l-octene. This variation with compo-
sition is similar to the mixture of two incompatible component systems with different
concentration of components. Therefore, it is interesting to blend two intermediate
side-chain length poly-l-olefin f for example, poly-l-butene with poly-l-decene
by a 50: 50 ratio. We may check whether the blend of C4 polymer (poly-l-butene)
with C10 polymer (poly-l-decene) will have the properties of C 7 polymer (poly-1-
heptene)
.
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Copolymers of Ethylene with other 1-olefins
. In general, the copolymer of
ethylene with other 1-olefins can be used to study the rheological and physical
properties in relation to the side-chain length and structure. The early studies
of the effect of side-chain on the properties of branched polymer molecules are
mostly based on low density polyethylene
, but few systematic studies of the effect
of varying the branch length and frequency on the properties of branched poly-
mers have so far been published.
Since the side chain structure of low-density polyethylene is much more
complicated, the investigation on various ethylene/-olefin copolymer is believed
to be very useful. They may be regarded as "model-polymer" having the definite
length of side chain.
Correlation Between Normal Stress Coefficient and Viscosity
. The
normal stress coefficient is defined as
*12
= {aU- Q 22)r^
where (o-- a
22 )
is normal stress, yis shear rate. Many fluids exhibit a
quadradic dependence of normal stress on shear rate in the limit of low shear
rate. For such fluids vj/^ would approach a constant value ^12
° characteristic
of the fluid
.
In accordance with a number of constitutive equations , both continuum
and molecular, the normal stress coefficient vj/^ should decrease with increasing
shear rate. Furthermore, the rate of decrease of x)/^ should be about twice as
1 2 o
great as the rate of decrease of r) with shear rate, i.e. f ^12^12 *S
2
proportional to (*n/r|
o
) -
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Our normal stress data from the Weissenberg Rheogoniometer cannot reach
a constant value v^0
.
Most theoretical analyses agree that the zero shear normal
stress coefficient should be given by C^X. where X is the dominant
relaxation time of the fluid and C
2
is a constant of order of unity.
Few data are available from which
^u /^u
° may be calculated as a function
of shear rate, and few tests of the above prediction have been found.
It is suggested that more normal stress data are collected and tested with
the above prediction. If the relationship t12/^12
°
~ (Vno )
2
are supported, one
can easily predict normal stress coefficient from viscosity measurements.
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INTRINSIC VISCOSITY OF POLY-hOLEFINS
IN ANISOLE VS. TEMPERATURE
T (°C)
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Computer Program to Calculate Viscosity from Instron
Capillary Rheometer and Rabinowitsch Correction
READ
DIAM Capillary diameter by inches
CLENGTH Capillary length by inches
T Measurement temperature
M Numbers of measurement points for each capillary
FORCE The force in grams read in Instron recorder
SHERATE The shear rate
PRINT IN MAIN PROGRAM
Measurement temperature
STRESSV Shear stress (Dynes/cm 2 )
SHEARATE Shear rate (Sec" 1 )
ETAV Viscosity (Poises)
PRESS Pressure drop (Bars)
PRINT IN SUBPROGRAM (Rabinowitsch Correction)
STRESS Shear stress
CORATE Corrected shear rate
VISCO Corrected viscosity
SLPO The slop of shear stress vs . shear rate curve
132
LIST INSTRON
001 PROGRAM ANTONIO
010*THIS PROGRAM CALCULATES THE SHEAR SRESS,VI SCO SI TV AMD
OU*PR£SSURE IN CAPILLARY FLOW
012*M=NO. OF CAPILLARIES
013*=N0. OF POINTS FOR EACH CAPILLARY
014* T= TEX?FEATURE OF MEASUREMENT
020 DIMENSION FORCEC 20), SHERATEC 20)
021CSTP.ES SVC 20)
040 READ, DI AM, CLEMGTH
041 READ,
T
042 READ,
M
060 CO 130 I=1,M
100 READ, FORCEC I ), SHERATEC I )
130 CONTINUE
145 AREA=.713
150 PRINT 160,
T
160 FORMAT C * THE FOLLOWING ARE CALCULATED FOR PN AT T=*,F5.l//>
161 PRINT 162, DI AM,CLENGTH
162 FORMAT C * CAPILLARY DIAM. =*,F6.3,* AND THE. LENGTH = *
163CF6. 3, /
)
164 PRINT 166
166 FORMAT C IX, 1 7HSTRESSC DYNES/CM2) , 2X, 10HSHEAR RATE, 2X, 17HVI
S
167CC0SI TYCPOI SES), 2X, 1 4HPRESSUREC EARS )
)
170 DO 310 I=1,M
230 STRESSVC I ) = DI AM* 98 1 . * FORCEC I ) / C 4 . * AREA* CLEN GTH)
240 ETAV= STRESSUC I ) /SHERATEC I
)
250 PRESS=FORCECI )/700.
260 PRINT 270, STRESS VC I ), SHERATECI ),ETAV, PRESS
270 FORMAT C 3X, El 2. 6, 4X, El 2. 6, 3X, El 2. 6, 6X, El 2. 6)
310 CONTINUE
311 PRINT 312
312 FORMAT C* *,//)
315 CALL CORRECTCM, STRESSV, SHERATE)
320 END
LIST CORRECT 133
010 SUBROUTINE CORRECTCM* STRESS* SHERATE)
020 DIMENSION STRESSC 20) * SHERATEC 20) >XC 20) , YC 20) / T( 20)
21 DIMENSION CORATEC 20)*VISC0C20)
070 SY = 0.
080 SXf=0.
090 SX2V=0.
100 sx=o.
110 SX2=0.
120 SX3=0.
130 SX4=0.
135 DO 160 I=1,M
140 Y( I ) = 0« 4 3429*L0GC STRESSC I ) )
150 X( I )=0«43429*L0GC SHERATE( I )
)
160 CONTINUE
170 DO 250 1=1,
M
180 SY=Sif+V(I)
190 sxr=sxY+xc i )*r( i
)
200 SX2Y=SX2Y+XC I )**2*YC I )
210 SX=SX+XCI)
220 SX2= SX2+ X (I ) ** 2
230 SX3= SX3 + XC I ) ** 3
240 SX4=SX4+XC I )**4
250 CONTINUE
260 Bl l=M
270 B12=SX
230 E13=SX2
290 BiA=Sr
300 A12=B12/E11
310 A13=E13/B11
320 A14=E14/E11
330 B22=SX2-E12*A12
340 B23=SX3-B13*A12
350 E24=SXY-E14*A12
360 A23=B23/B22
370 A24=P24/E22
380 E33=SX4-E1 3*A1 3-E23*A23
390 B34=SX2Y-B1 4* A 1 3-E24* A23
400 C2=E34/E33
410 C1=A24-C2*A23
420 C0=A14-C2*A13-C1*A12
422 PRINT 423
423 F0RMATC3X,* SHEAR STRESS* , 2X, *RATE( CORRECTED) *> 2X, *TRUE
424CAPPR. VI SCO** 5X> * SLOP*
)
*25 DO 470 1= l*M
426 TC I ) =C 1+2. 0*0. 43429* C2*L0G( SHERATEC I )
)
430 CORATEC I ) = SHERATEC I ) * C C 3*T C I ) 1 ) / C 4* TC I ) )
)
440 VI SCO C I ) = STRESSC I ) /CORATEC I
)
450 PRINT 460/STRESSCI ),CORATECI ),VISCOCI )>TCI
)
460 FORMAT* 3X* El 2. 6, 4X, El 2. 6, 3X, E12. 6, 6X* El 2. 6)
[470 CONTINUE
475 RETURN
480 END
490 ENDPROG
1LIST DATA
OlO 0.0604
020 220.
0 30 7
040 14000.
041 20500.
042 27500.
043 45500.
044 67000.
045 81000.
046 lllOOO.
2.00
l .675
3.35
6. 70
16.75
33. 501
67.002
167. 505
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RUM I.M STROM
8K
THE FOLLOW IMG ARE CALCULATED FOR PM AT T=220.0
CAPILLAR/ DI AM • = .060 AMD THE LEMGTH = 2.000
STRESS(DfMES/CM2)
• 145430E+06
•212951E+06
.285666E+06
.472648E+06
•695987E+06
•84141 7E+06
. 1 1 5305E+07
SHEAR RATE
. 167500F.+ 01
. 335000F.+ 0 1
•670000E+01
. 167500E+02
• 335010E+02
. 670020E+02
. 1 67505E+03
VISCOSITYCPOI SES>
•868240E+05
•635676F+05
.426368E+05
.2821 78E+05
•207751F+05
•1255S1E+05 •
.688370E+04
PRESSUREC EAR S)
.200000E+02
•292857E+02
. 392857E+02
•650000E+02
•957143F+02
. 1 1 5714E+03
. 1 58 571E+03
SHEAR STRESS
. 145430E+06
•212951E+06
•285666E+06
•472648E+06
• 695987E+06
•841417E+06
.1 15305E+07
RAT E( CORRECTED)
. 19641 1E+01
•403149E+01
•830204E+01
.21 7062E+02
•451747E+02
•946213E+02
.254736E+03
TRUE APPR. VI SCO
. 740438E+05
•528219E+05
. 344092E+05
.21 7747E+05
. 1 54066E+05
.889248E+04
- .452646E+04
SLOP
•59 1572E+00
. 551 352E+00
.51 1 132E+00
•457963E+00
.41 7741E+00
•377521E+00
•324352E+00
TIME: 0.667 SEC.
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APPENDIX B
The Calculation of Flow Curve from Graessley Theory
A quantitative theory of non-Newtonian behavior based on entanglement
of polymer molecules has been presented by Graessley. According to the
theory, there is a dynamic steady state in the formation and disappearance of
entanglements in the flow of polymer, and the decrease in viscosity with shear
rate is simply a consequence of the net decrease in entangle density induced
by flow. With the equations from this theory, a viscosity-shear rate master
curve can be calculated for any specific distribution of molecular weights.
The calculation of a set of values of n/n vs. yx 12 is based on the following
o o °
equations:
n/n0 = (A/B)*(C/D)*(E/F) (1)
where:
o
Here n is the length of a polymer chain, P(n) is the fraction of chains in the
range n and n+dn. The functions h(G) and g(G) in Equation (1) are given as
g(9) = (2/tc) (Cot" 1 0+0/(l+e 2 ))
h(9) = (2/7c)(Cot 1)e+e(i-e 2)/(i+e) 2 )
The variable 9 is defined by:
9= (yx
o
/2) (r)/ri
o )
(n/n
w )
2
h(9)F(^ )
where F(y)=[ n h(9)P(n)dn// n 2p(n)dn
* o J o
The parameter tQ is a characteristic relaxation time, related to the time to form
entanglement couples in the undisturbed system, n
w
is the weight average
number of repeating units per chain.
The flow curves calculated from different moleculare weight are illus-
trated in the Fig
. A-l
.
Curve 1 is the flow curve of monodisperse system (M /M = 1) andw n
Curve 2 is the flow curve of most probable distribution of molecular weights
(M /M = 2) with the Schulz-Zimm model distribution. Curve 3,4,5 and 6W II
are calculated directly from GPC molecular weight distribution.
The calculations show that broadening the distribution causes deviations
from the zero shear viscosity at lower shear rates and results in a smaller slope
over a large portion of the high shear region. Furthermore, calculations have
shown that the higher molecular weight averages such as M and M are much
° ° ° w z
more important than in controlling the shape of the master curve.
The computer program supplied by Professor Crciessley is listed below.
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COMMENTS ON COMPUTER PROGRAM ETA WWG
READ 1
.
Reads in the GPC calibration of count number vs. M.
I: The first count in the calibration.
J: The last count in the calibration.
CQ (K)
: Molecular weight of the polymer emerging as count K.
READ 2
.
Reads in GPC data obtained on a sample of polymer.
SAM: Sample identification number.
M: The first count at which a non-zero reading is obtained for
the sample.
N: The last count at which a non-zero reading is obtained.
DQ(K) : The height of the chromatogram at count K.
PRINT 34,
SAM Identity of sample.
PN: Number-average molecular weight according to the GPC .
PWM: Weight-average molecular weight.
RR: MM ,-/M for the sample,
z z+1 w *
ITEM 1 : This instruction is the value of (^/^q) (Y tq/ 2 ) for the
first point
on the viscosity curve. The value A = 0.01 is small enough for
narrow distributions (M /M z 2 and smaller) but needs to be smallerw n
for broader distributions (A = 0.0001 sufficed to give the curves for
some broader molecular weight distributions) .
ITEM 2: This instruction controls the spacing of successive points on the
viscosity shear-rate curve. For a higher density of points take A=
A*l . 3 or A=A*1 . 1 for example
.
This instruction controls the stopping of calculation. As written
the calculation stops when the last value of r,/r,
o
is less than 0.001
Appropriate alteration as desired should be obvious
pPOG° FT A u;v«'G
j ) , \/ I c ( ^' r ) • '--vi"
^ ( )
i p(Sf?MAT ( ? T ~/< - ^« 1 « 1 1 ) )
1 ^FN!T . OF7 N c I Tv-'^PV^ n ! F c " ,cr LL--- i^Vt^CrVT, J c ',,rLL»)
o f^P- 'AT (1H1»PV ^1 MTc.-r.r3 t~ * )
FODm/^T ( 1 HI * APV «F4i1*//» ?ny « T7 ?^ * 3* ///)
c. T TV
4'*
I JK- 1 * ^
PCAP 1 * I « J» (CO (K-) ,<=r I « J)
j cr (FOF,^r.) 30, /jO
<n p c = r # o
*r - n . n
u=n.n
\/=o.o
A=C0(KJ
c=c+R/A
~T= T +B
1 P r ON'T I Mi I
puf^ = t l/T
DPr"'*T*T/l !*-*3
rrr>—n * ni
c < k ) =ro ( ^ ) /P'
1 1 C^N'T I NU^
POINT 5
"CALL V I g.^i((:^ t^*N< t: <~ tM".-<w )
Item 1 a=.oo-.]
—
c~|~= n <r, cp = ^ t c;-3 = n <t [7=1
C = 0
•
-cc^p-; or c^ = Jl #
no 1 I = 1 J J
y= a* I /JJ
no * k*=l -
ft CONT I NUF
—
ctstt n a
VsPC^l )+UA* («r (wr)-»- K-HJ
p^ IP. 1 = 1 • JJ
15* J=l • I
140-
.S? =^?+7/G\'i :i ( I )
PC * ^ cn = c /
\/ =VIS(JJ) * C = r\l;V(JJ)
?e>= a /\/
u"} i =sMU LL < " 1
PP I NT 4 « A * C P V * r- 4 PP « POP PPT
Item 2 a = a*i .5
Item 3 if (v.GT, •nci
,
4<F COMT I vi JF
30 CTOn
mpoi rp !Mr ! r rr- f r » n G 1*' )
D I WFNiq I r*. ro ( ! on ) , r ( i r\r\ } , r>o ( 1 " } , ~. ( i ^ ( =5ao ) • c- c Fro )
G(X)=( ATANC 1 •/X)+y/( 1 •+v*X ) )/1 •57nTQP6
H ( y ) - ( AT AM ( 1 ,/V)+y^( 1 . -v-s-y ) /
DO 13 K= i *
FA=.0
FC=.0
FD=»0
Fc=.n
FF=.0
FG = 0« * FH="
^=d c r >
7=^P* A# A
T=THFTA ( 7)
F A = P- A-*- (T: ( T ) * A ) -**>J . l -*f J
pt3 = FR + A*
FO=rn+n
T-r
hh =! TTJ ( T ) ^ a *n
Erp =FH+n /A
I p r omt t mi F
E ( <) sPA^F^^Fn/cp/FF/Ff
G<" (OsFfi/FH
n«.> ( k ) =F C < ) *.P ( v )
-~vn ——— .
: nrri
. ^TT ! ON' !THffT a ( 7 )
H(y
) = c AT AN ( 1 ./v >+v* ( j ,-v*v >/ ( i 7WWT^pT7\ .-'r^-pz
IF C 7 L T • • M ^ H tq
I
g (7« O t . j n r> - j r n T.n p j
IF (7.LT.7. ) ro TO
GO TO r?^
3? Tr t ( 7/« l ) ** , fl
5l DO ^ j=|,ir
tnj = t- [ T—7*H( T ) ) / ( l g 4.7*nH< T ) )
T^Tapc ( t/ fN-l • j»«onnn.i j 7,7, r
P T=T\
«
COIV" I NUF
^TOn
7 T = TN
GO TO 10
^O T=7
GO TO 30
21 rSTTTf 1 6, /( 5P3 • 1 h \ )
3* THFTA=T
Fnmct i On—?vh_! ry~5
n^TVTTTTVrTT
GO TO P?
?1 T=1 • 1
7*? ^0 —1 = !,^
F=T*T+?,/T-3.-y
^-a = ?T* ( T — 1 • / 1 / T J
TM=T-F/FP
TFT "AR^(TR7T-1 .>.LT,.OO^l) CO TO ?->
T-TNJ
2TS (T^MT j Mijtf
STOP
FMO
^TTYP^
1 1 6
FV^'c 1 ^ 7 • ^ . £^ fx n.^r-a 7*fiOF4 r#7 -7f~A ^ • 1 1 . r_,FA ] , 1 ~~ 4 7.^0F*?
5 i
So
| I
U_ 1x1
UJ <
oH
CO o
c£ oo S
lO — CD
oo — — lo*
(£)' - rO 0)
H II II (I
IS 12 IS IS
12 is E 12
Nl N N N
12 IS IS IS
tO CM
O O — c\J in
- N rO O) - -
II It II II II
II
sc. c c c c c
IS tS IS IS IS IS
"s^S * * £ *E IS IS IS IS IS
— c\j ro ^ W &
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APPENDIX C
The Tabulated Data of Chapter IV
This Appendix includes the raw data used to plot the figures in Chapter
IV.
These data are obtained from the measurements of Weissenbergh Rheogo-
niometer as described in Chapter IV.
The computer program used was shown in William M. Prest's Ph.D.
Thesis (1972) at the University of Massachusetts.
The symbols in this Appendix are described as follows:
EASTAR: Complex dynamic viscosity or steady viscosity.
ETAP: Dynamic viscosity
.
GP: Storage modulus or normal stress.
G2P: Loss modulus or shear stress.
SHEAR RATE: Frequency or shear rate
2
JP: Storage compliance or (a11
~
tJ
22^ 2 X 12 '
1/JP:
.
Reciprocal of JP or 2t^
2
/ ^n-o22 ) .
AMP, PHI 1 , PHI 2, THETA. FILT are the data of phase meter used to
measure dynamic experiments.
The data of steady state experiments are listed below the data of dynamic
experiments . The steady state data start from the row where the column of
ETAP becomes blank.
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